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Abstract 
Woodland caribou (Rangifer tarandus caribou) are an iconic species of boreal and montane 
ecosystems, but many populations are declining due to habitat alteration and associated changes in 
predator-prey dynamics.  Summer forage, however, influences lactation, juvenile growth, pregnancy, 
and survival, thereby affecting individuals and populations.  I used tame caribou (of three nutritional 
classes — lactating, non-lactating, yearling) as a habitat assessment tool, at 135 sites across 
northeastern British Columbia, to determine: food habits and selection; dry matter intake rates; diet 
quality; and daily nutrient intakes.  My goal was to assess the suitability of nutritional resources in 
boreal and montane plant communities to support energy and protein requirements of caribou during 
summer.  Caribou were highly selective foragers.  Deciduous shrubs were the primary summer forage 
of caribou; forbs, lichens, and mushrooms were secondary dietary items.  Intake rates by caribou 
increased with increasing bite masses and quantities of accepted forage biomass (vegetation species 
used proportionately more than or equal to availability).  Caribou achieved highest intakes at sites with 
an abundance of selected deciduous shrubs (e.g., willow-alpine sites, young forests) that afforded large 
bite masses, whereas lowest intakes occurred where mean  bite masses were small (e.g., dry alpine, 
nutrient-poor forests).  Dietary digestible energy (DE) and protein (DP) content, intake rates, and 
foraging time varied across plant communities and among nutritional classes.  Caribou increased 
foraging time, but could not compensate for low intake rates and some plant communities failed to 
provide caribou with adequate nutrient intakes to support nutritional demands for lactation and 
maintenance of body mass.  Although highest nutrient intakes were associated with productive sites, 
predation risk and disturbance may constrain the nutritional benefits caribou can acquire from these 
sites.  In a pilot study, I mapped foodscapes of DE and DP intakes for a herd of free-ranging boreal 
caribou.  Caribou did not select for nutrient intakes, but other factors including food quantity, 
predation risk, and accuracy of spatial data layers, may have confounded my ability to isolate the role 
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of nutrition in habitat selection.  Insights from this study into the nutritional ecology of caribou during 
summer can better inform caribou conservation and management. 
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CHAPTER 1: INTRODUCTION  
Context 
In the last century, over 40% of historic woodland caribou (Rangifer tarandus caribou 
Gmelin, 1788) habitat has been altered or eliminated, contributing to significant population 
declines among caribou herds in British Columbia (BC; Spalding 2000).  Declining caribou 
numbers are largely attributed to changes in predator-prey dynamics associated with 
industrial development on the landscape (Seip 1992; Wittmer et al. 2005; McLellan et al. 
2012).  Increasing evidence, however, suggests that nutritional resources may place 
additional constraints on caribou populations (Crête and Huot 1993; Post and Klein 1999; 
Kerby and Post 2013).  Some caribou populations may be headed toward extinction (Johnson 
et al. 2015) and many herds in northern BC have been listed as special concern or threatened 
under the Canadian Species at Risk Act (SARA).  In the recovery planning process mandated 
in SARA, ‘critical habitat’ (needed for the recovery and survival of listed species) must be 
identified by location, amount, type, and resources (Species at Risk Act, Government of 
Canada 2002).  For caribou herds in northern BC, even when critical habitat has been 
delineated, the value of nutritional resources to meet requirements for survival, growth, and 
reproduction in those habitats has not been quantified (Environment Canada 2012). 
Role of Summer Nutrition in Ungulate Ecology 
Forage quality and quantity peak during summer in north-temperate ecosystems, but 
concurrently, ungulates experience their greatest nutritional demands of the year (Parker et 
al. 1999; Cook et al. 2004).  Acquisition of food and assimilation of nutrients during summer, 
to satisfy elevated nutritional demands, influence individual performance and fitness of 
 
 
2 
 
ungulates including caribou (Trudell and White 1981; Gerhart et al. 1997; Russell et al. 1998; 
Testa and Adams 1998; Keech et al. 2000; Pettorelli et al. 2005).  North-temperate ungulates 
must replenish body reserves of fat and protein during summer, and lactating females have 
added costs for lactation and calf rearing (McEwan and Whitehead 1970; Oftedal 1985).  
Thus, lactating animals and their calves are more sensitive to nutritional limitations than their 
non-lactating counterparts (Gerhart et al. 1997; Landete-Castillejos et al. 2003; Cook et al. 
2004).  Body fat and protein reserves accumulated over summer are important for breeding in 
autumn and overwinter survival (Cook et al. 2004; Barboza and Parker 2006, 2008; Cook et 
al. 2013).  Fat and protein reserves also affect growth and survival of the fetus in utero and 
calves post-partum; further, body mass influences juvenile survival through their first winter 
(Skogland 1990; Côté and Festa-Bianchet 2001; Forchhammer et al. 2001; Cook et al. 2004).  
Through these nutritional pathways summer forage resources influence many life-history 
processes of ungulates and can affect population numbers (Crête and Huot 1993; Post and 
Klein 1999; McArt et al. 2009; Cook et al. 2013, 2016; Kerby and Post 2013; Monteith et al. 
2015). 
 Food Habits of Caribou 
Diets selected by caribou reflect highly seasonal patterns in forage availability in north-
temperate ecosystems.  Winter diets are typically dominated by lichens, but also include 
graminoids (e.g., grasses, sedges), evergreens, and mosses (Bergerud 1972; Darby and Pruitt 
1984; Smith and Ouellet 2004; Brown and Mallory 2007), which can be indicative of poor 
range conditions (White 1983).  Caribou diets in spring represent a transition between winter 
and summer forages; these summer forages consist primarily of deciduous shrubs, and to a 
lesser extent, forbs, mushrooms, berries, lichens, and graminoids (Bergerud 1972; Boertje 
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1984; Darby and Pruitt 1984; Thing 1984; Russell and Nixon 1990; Smith and Ouellet 2004; 
Brown and Mallory 2007).  In autumn, terrestrial lichens, especially reindeer lichens (e.g., 
Cladonia and Cladina spp.) are primary dietary items of caribou in boreal ecosystems, as are 
fungi, sedges (Carex spp.), and deciduous shrubs (Bergerud 1972; Darby and Pruitt 1984).  
For caribou in BC, there has been limited work on food habits, and what is known is limited 
to late autumn and early winter studies (Rominger and Oldemeyer 1989a; Rowe 2007) that 
do not cover the range of habitats used by caribou in northeastern BC or document summer 
forage resources. 
Foraging Dynamics 
Foraging by ungulates is a hierarchical process driven by heterogeneity among and within 
plant communities (Senft et al. 1987; Hobbs 2003).  Animals first select where to live and 
subsequently where to forage; from available vegetation, they select acceptable forages (in 
terms of nutritional quality); and at very fine scales, they select bites from those acceptable 
forages (Senft et al. 1987; Bailey et al. 1996).  The quantity and size of bites consumed per 
unit time determine intakes — larger bite sizes and higher-quality forages typically result in 
higher intake rates (Shipley and Spalinger 1992).  Food and nutrient intakes influence energy 
and protein balance and productivity (Fancy 1986; Minson and Wilson 1994; Parker et al. 
2005).  Seasonal changes in the quantity and quality of nutritional resources, which affect 
intake rates, influence animal movements and habitat selection (White et al. 1975; Briand et 
al. 2009; Massé and Côté 2012), and ultimately can have implications to fitness (Dussault et 
al. 2012).  The influence of summer nutritional resources can scale from individuals to be a 
principal factor underlying population dynamics for tundra-dwelling caribou herds (Crête and 
Huot 1993; Post and Klein 1999; Kerby and Post 2013).  Little work has assessed the 
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abundance of nutritional resources available to caribou during summer in northeastern BC 
(but see Gustine et al. 2006) and no work has examined how caribou respond to variation in 
nutritional resources.  Understanding how intake rates change relative to variable food 
supplies in summer can provide insights into the value of foraging habitats for caribou, which 
may better inform habitat management and conservation for declining populations of caribou. 
Diet Quality 
Diet quality — a measure of the nutritive value of diets consumed by animals — influences 
the nutritional condition of animals and has implications to survival and reproduction (Parker 
2003; Cook et al. 2004).  For north-temperate ungulates, diet quality often is assessed relative 
to digestible energy and digestible protein, which usually are the two most limiting 
nutritional currencies (e.g., Verme and Ozoga 1980; Syrjälä-Qvist and Salonen 1983; Cook 
et al. 2004; McArt et al. 2009; Parker et al. 2009).  Digestible energy (i.e., the amount of 
energy from food that is available to a forager — not lost in feces) in summer diets is 
important for weight gain, increasing body size, lactation, depositing fat, and effective 
utilization of protein for growth and development (Verme and Ozoga 1980; Syrjälä-Qvist and 
Salonen 1983).  Digestible protein (i.e., the protein from food that is available to a forager) is 
also important for milk production, juvenile growth, lean muscle mass, and accretion of 
protein stores that enable fetal growth the following winter (Allaye Chan-McLeod et al. 
1994; Barboza and Parker 2008). 
Diet quality is not constant across space and time because of variation in the quality 
and quantity of nutritional resources available in different plant communities.  Because of 
this variation, herbivores must continually adjust their diet selection from available biomass 
in order to maximize nutritional gains (Hanley 1982; White 1983).  In some cases, ungulates 
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track this variation in resource quality across seasonal gradients and landscapes (Bischof et 
al. 2012; Lendrum et al. 2014; Merkle et al. 2016).  Ungulates tend to select forages that are 
high in digestible energy and moderate in protein (so as not to ingest excess protein that can 
be physiologically taxing (e.g., Prins and Beekman 1989; Hou et al. 1991; Nicholson et al. 
1992; Soppela et al. 1992; Kyriazakis and Oldham 1993; Berteaux et al. 1998; Cook et al. 
2016) and avoid those that are low in quality (i.e., low digestible energy and protein contents, 
high concentrations of plant secondary metabolites; Trudell and White 1981; Hanley 1982; 
Sauvé and Côté 2007; Cook et al. 2016).  As opposed to quality of individual forages, diet 
quality rarely has been documented for Rangifer.  Despite the applicability of diet quality to 
assess relative nutritional values of different habitats (Searle et al. 2007; Cook et al. 2016), it 
has never been reported for woodland caribou during summer. 
Variation in Nutritional Resources and Limitations 
With the exception of lichens on winter ranges (Johnson et al. 2004; British Columbia 
Ministry of Environment 2010; Environment Canada 2012), nutritional resources have not 
been studied extensively for northern or boreal ecotypes of woodland caribou.  Lichen-
dominated habitats with little other forage are not likely to support nutritional demands of 
caribou during summer because of low protein content and constraints to intake (e.g., small 
bite size; Rominger et al. 1996).  Forage quantity, quality, and intake rates all combine to 
affect daily nutrient intakes.  These metrics can be used to determine whether plant 
communities provide adequate resources to support nutritional requirements for survival, 
growth, and reproduction and to define differences in nutritional values among plant 
communities.  Collecting foraging observations on free-ranging animals for habitat 
evaluation is logistically challenging and usually not feasible.  Caribou in particular traverse 
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long distances across topographically variable terrain and use some habitats with low 
visibility.  Tame animals though have been used as a habitat assessment tool to: (i) quantify 
differences in nutritional resources among plant communities; (ii) demonstrate how foragers 
perceive their environments; and (iii) quantify nutrient intakes (Rominger et al. 1996; Parker 
et al. 1999; Cook et al. 2016).  The food selection, diet composition, and foraging efficiencies 
of tame animals are indistinguishable from their wild counterparts (Bergerud 1964, 1970, 
1972; Olson-Rutz and Urness 1987; Spalinger et al. 1997).  As such, insights from studies of 
tame caribou can be used to quantify the value of nutritional resources available in different 
habitats by linking foraging data directly to habitats of interest.  Additionally, tame animals 
can be studied in habitats used and not used by their wild counterparts, allowing for 
inferences to be made (from a nutritional perspective) about why wild animals may use some 
habitats and avoid others. 
Foodscapes 
Forage intake and diet quality of individual animals vary in response to heterogeneous food 
supplies across spatial and temporal scales (Hobbs 2003).  Scaling up from individuals to a 
food landscape or “foodscape” (Searle 2007) is one way to infer functional linkages between 
a population and its forage base.  Foodscapes may provide important insights into the spatial 
ecology of caribou and may help explain how foragers interact with nutritional resources 
(Searle et al. 2007).  For example, forage quality influences habitat selection of tundra-
dwelling (Griffith et al. 2002) and northern mountain caribou (Gustine et al. 2006) during the 
calving season, whereas forage biomass influences selection later in summer.  Presumably, 
these seasonal differences in habitat selection relative to nutritional resources correspond 
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with nutritional demands and trade-offs with other factors that can influence habitat use, 
including predation risk, insect harassment, disturbance, and other impediments to foraging. 
Objectives of the Dissertation 
To better understand the nutritional landscape used by boreal and northern mountain caribou 
in northeastern BC, I used tame caribou as a habitat assessment tool.  Specifically, to 
determine the suitability of plant communities to support nutritional demands of caribou 
during summer, my research addressed four principal questions associated with herbivory 
(Ydenberg et al. 2007): (i) What will the animal eat?; (ii) How fast will the animal eat?; (iii) 
How long will the animal spend eating?; and (iv) Where will the animal eat?  Although 
Ydenburg et al. (2007) did not explicitly consider quality in the four principal questions of 
herbivory, diet quality is a function of what animals eat and is important to the nutritional 
ecology of ruminants. 
I structured my dissertation around five general objectives to understand how caribou 
interact with and respond to the forage base during summer in northeastern BC, with the goal 
of identifying constraints to forage intake and associated nutritional limitations. 
Objective 1: Document food habits, diet composition, and available food quantities for 
caribou. 
In Chapter 2, I document the plant species consumed by tame caribou in northeastern BC 
during summer and early autumn; quantify diet composition by forage class (e.g., deciduous 
shrubs, forbs, terrestrial lichens, etc.); and determine if species encountered by caribou are 
avoided, neutral, or selected (i.e., used proportionately less than expected based on 
availability; used in proportion to availability; used proportionately more than expected 
based on availability).  I quantify ‘food’ (as perceived by caribou) as the sum of neutral and 
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selected species, providing a basis for comparing ‘food’ availability (the accepted biomass of 
selected and neutral species) of plant communities in subsequent chapters. 
 
Objective 2: Describe foraging responses of caribou across a heterogeneous landscape. 
In Chapter 3, I explore how bite rate, bite size, travel rates, and accepted biomass influence 
intake rates of tame caribou, as well as interrelationships among these variables.  I also assess 
how nutritional class (based on differences in summer nutritional requirements; i.e., lactating, 
non-lactating, and yearling) influences foraging responses of caribou and how constraints to 
intake (i.e., bite size, accepted biomass) may contribute to nutritional limitations. 
Objective 3: Determine the quality of caribou diets from different plant communities. 
In Chapter 4, I report on the quality of diets selected by tame caribou in plant communities 
available to free-ranging northern and boreal ecotypes of woodland caribou in northeastern 
BC during summer and early autumn.  I compare the energy and protein content of caribou 
diets across plant communities.  I examine the influence of Julian day, nutritional class, 
topographical variables (elevation, aspect) in alpine communities, and forest attributes 
(canopy cover, stand age) in forest communities on diet quality.  I also assess how dietary 
proportions of deciduous shrubs, which generally were highly selected by caribou, and 
lichens, which are commonly associated with food habits of caribou, influence energy and 
protein content of diets selected by caribou. 
Objective 4: Determine nutritional value of plant communities and nutritional 
limitations for caribou. 
In Chapter 5, I bring together diet composition, diet quality, per-minute intake rates, and 
daily foraging time to determine daily nutrient intakes of tame caribou in plant communities 
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of northeastern BC, for comparison with estimated daily nutritional requirements.  I contrast 
the nutritional value of plant communities (as measured by daily digestible energy (DE) and 
digestible protein (DP) intakes) available to caribou across the landscape and evaluate the 
suitability of these plant communities to satisfy daily DE and DP requirements of lactating 
and non-lactating caribou during summer. 
Objective 5: Map foodscapes and examine habitat selection and use by free-ranging 
caribou in relation to the nutritional values of the foodscapes. 
In Chapter 6, I map nutritional resources (determined in Chapters 2–5) as foodscapes in 
boreal plant communities within the range of the Chinchaga caribou herd in northeastern BC.  
I examine habitat selection at the home-range and within home-range scales to assess 
differences in selection related to the digestible energy and protein intake by caribou. 
 
Following this introductory Chapter 1 to the dissertation, I have organized Chapters 
2–6 as standalone chapters for journal publication with modification.  These chapters are 
written in first-person plural to acknowledge the contributions of my collaborators.  A 
version of Chapter 2 has been published in the Canadian Journal of Zoology (2017) under the 
title “Straight from the caribou’s mouth: tame animals reveal new insights into summer-
autumn diets” with R.C. Cook, J.G. Cook, and K.L. Parker as co-authors.  In Chapter 7, I 
summarize from each of the preceding chapters, the key points relevant to conservation and 
management of caribou in the boreal forests and mountains of northeastern BC.
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CHAPTER 2: FOOD HABITS OF TAME CARIBOU IN THE MOUNTAINS AND 
BOREAL FORESTS OF NORTHEASTERN BRITISH COLUMBIA* 
Abstract 
High-quality habitats for caribou (Rangifer tarandus L., 1758) are associated primarily with 
lichens, but lichens alone fail to satisfy summer nutritional requirements.  To evaluate the 
summer forage value of plant communities across northeastern British Columbia (BC), where 
populations of northern and boreal ecotypes of caribou are declining, we observed foraging 
by tame, female caribou.  We compared diet composition to forage abundance to determine 
forage selection and to quantify forage availability.  Deciduous shrubs, not lichens, largely 
dominated summer diets.  Caribou were highly selective foragers, with 28 species comprising 
78% of diets.  Caribou avoided >50% of understory vegetation across all plant communities, 
especially conifers, evergreen shrubs, mosses, and two genera of terrestrial lichens.  
Availability of accepted forage (i.e., species not avoided) was strongly heterogeneous across 
landscapes.  Alpine shrub areas and mid-elevation spruce-fir stands in the mountains, and 
treed rich fens and white spruce communities in the boreal forests provided the greatest 
quantities of accepted forage for caribou.  Dry alpine sites and unproductive black spruce 
communities provided the least accepted forage.  Our work has direct implications to caribou 
conservation by contributing to a greater understanding of the forage value of summer 
habitats, with implications to habitat selection, seasonal movements, and distribution 
ecology. 
________________________________ 
*A version of this chapter is published under the authorship of K.A. Denryter, R.C. Cook, J.G. Cook, 
and K.L. Parker in the Canadian Journal of Zoology in 2017 (95: 81–94).  
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Introduction 
Synchronous population declines of caribou across their circumpolar range suggest that 
caribou populations are sensitive to numerous limiting factors (Vors and Boyce 2009).  At 
regional scales, development and extraction of natural resources exert pressures on caribou 
by modifying local habitats and altering predator-prey dynamics (Seip 1992; reviewed by 
Festa-Bianchet et al. 2011).  At a larger scale, climate change may contribute to increases in 
calf mortality and declines in herd productivity due to trophic mismatches between caribou 
and their forage base (Post and Forchhammer 2008; Kerby and Post 2013).  Climate change 
also is expected to interact with and exacerbate the effects of other limiting factors to 
influence habitat use, foraging, and demography of caribou populations in the future (Sharma 
et al. 2009; Festa-Bianchet et al. 2011).  Regardless of the proximate limiting factor, many 
caribou populations in BC are declining and all three ecotypes of woodland caribou (R. t. 
caribou Gmelin, 1788) in BC are designated by the Committee on the Status of Endangered 
Wildlife in Canada (COSEWIC) as endangered (mountain caribou), threatened (boreal 
caribou), or of special concern (northern caribou; Committee on the Status of Endangered 
Wildlife in Canada 2002).  Despite COSEWIC designations and recovery measures, many 
caribou populations continue to decline and since 2002, at least three caribou populations 
have been extirpated from BC (Committee on the Status of Endangered Wildlife in Canada 
2014). 
Forage resources (i.e., vegetation consumed by herbivores) are a fundamental driver 
of ungulate ecology, influencing distributions, habitat use, and seasonal migrations within 
populations (Albon and Langvatn 1992; Mahoney and Schaefer 2002; Pettorelli et al. 2007; 
Owen-Smith et al. 2010; Babin et al. 2011).  For individuals, assimilation of nutrients from 
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high-quality nutritional resources in summer is essential for the accretion of fat and protein 
reserves for pregnancy, overwinter survival, and fetal growth over winter (Cook et al. 2004, 
2013; Barboza and Parker 2008; Dale et al. 2008; Parker et al. 2009; Hurley et al. 2014).  
Parturient caribou face elevated nutritional demands during summer for lactation and calf 
rearing (McEwan and Whitehead 1970; Post et al. 2003; Parker et al. 2009).  Through 
nutritional pathways, summer forage resources influence productivity of caribou herds in 
Alaska (Post and Klein 1999), Quebec (Crête et al. 1990), Greenland (Post and Forchhammer 
2008; Kerby and Post 2013), and Norway (Reimers et al. 1983).  Despite the importance of 
summer forage resources, almost no data on summer forage availability and quality or food 
habits of caribou in BC are available to assess the potential for nutritional limitations of 
caribou summer ranges (Brown et al. 2007). 
General assumptions about what caribou eat may be oversimplified because of 
limited available datasets and because classic food-habits studies of caribou occurred 
predominantly during winter (Thompson and McCourt 1981; Rominger and Oldemeyer 
1989a; Russell et al. 1993; Ihl and Klein 2001).  Thus, differences in diet composition among 
seasons, particularly from winter to summer, may be underappreciated.  Although lichens are 
the predominant winter forage for caribou, there is growing recognition that lichens alone are 
inadequate to satisfy nutritional requirements of caribou.  Recently, it was suggested that 
high year-round use of lichens may even be a bottom-up limiting factor for caribou 
populations in the boreal forest (Thompson et al. 2015) because of low protein (nitrogen) 
content (Boertje 1990; Storeheier et al. 2002).  In addition to dietary protein limitations, low 
lichen availability can limit caribou, preventing them from achieving per-minute intake rates 
necessary to satisfy daily intake requirements (Rominger et al. 1996). 
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Another important limitation of food-habits studies for caribou is that such studies 
have mostly been restricted to post-ingestion techniques.  Fecal microhistology (Thompson 
and McCourt 1981; Boertje 1984; Russell and Nixon 1990), rumen-content analysis 
(Edwards and Ritcey 1960; Bergerud 1972; Thomas and Edmonds 1983), and post-hoc 
investigation of feeding craters (Thomas et al. 1996; Johnson et al. 2000) provide a general 
index of species consumed by caribou.  Post-ingestion techniques, however, may not provide 
accurate diet composition due to their biases and limitations (Bergerud and Russell 1964).  
Recent use of video collars on free-ranging caribou increased seasonal dietary information 
for caribou in Ontario’s boreal forest (Thompson et al. 2015), but this new technique also 
may have limitations (e.g., camera angle). 
Tame animals, representing their wild counterparts, tolerate observers in close 
proximity, affording a level of detail unmatched by other observation methods (Bergerud and 
Nolan 1970; Trudell and White 1981; Wickstrom et al. 1984; Rominger et al. 1996; Parker et 
al. 1999).  The development of typical foraging behaviours in tame cervids apparently does 
not require the same experiential learning as in domesticated ruminants that learn what to eat 
by watching other animals (reviewed by Provenza and Balph 1987).  Comparative studies 
indicate that diet selection and foraging dynamics of tame cervids are indistinguishable from 
wild cervids (Bergerud and Nolan 1970; Wallmo and Neff 1970; Bergerud 1972; Olsen-Rutz 
and Urness 1987; Spalinger et al. 1997).  ‘Naïve’ animals, exposed to novel environments in 
separate trials from their ‘experienced’ counterparts, exhibited the same forage preferences as 
‘experienced’ animals under identical foraging conditions (Spalinger et al. 1997).  Additional 
comparisons between tame and wild animals showed they had equivalent forage preferences 
and foraging efficiencies (Spalinger et al. 1997).  Earlier work with tame caribou during 
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winter in southeastern BC established the plausibility of using tame caribou as a habitat 
assessment tool (Rominger et al. 1996).  Late autumn and winter foraging studies of caribou, 
however, probably are not representative of selection from a more abundant and variable 
forage base during summer.  Additionally, plant communities in northern BC differ from 
those in southern BC, limiting the generalization of earlier work across the range of caribou 
habitats in BC. 
In northeastern BC, caribou live in alpine and forest habitats of the northern Rocky 
Mountains and in the forests and wetland complexes of the boreal flats east of the Rockies.  
We studied the summer food habits and diet selection of tame caribou in northeastern BC to 
gain a better understanding of how summer forage may influence free-ranging northern and 
boreal caribou.  As part of a large endeavor to assess the nutritional value of summer habitats 
for caribou in the plant communities of the mountains and boreal forests of northeastern BC, 
our objectives here were to: (i) quantify food habits of caribou during summer and early 
autumn; (ii) evaluate selection among plant species; and (iii) provide estimates of the amount 
of forage resources available to caribou in these communities.  By documenting food habits, 
determining selectivity, and quantifying availability of forage resources, these data provide 
novel insights into the forage value of caribou summer habitats, which may help advance the 
conservation of caribou. 
Methods 
During the summers and early autumns of 2013–2015, we observed foraging of hand-reared, 
female caribou in the predominant regional plant communities of northeastern BC (Fig. 2.1).  
We used lactating adult caribou whenever possible, but also used dam-raised yearlings in 
2014 and non-lactating adults in 2014 and 2015.  The adult caribou were captured as calves  
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Figure 2.1.  Locations of direct observations of tame caribou foraging within boreal black spruce bogs 
and fens (BBSbf), boreal black spruce uplands (BBSupl), boreal treed rich fens (BTRF), boreal white 
spruce (BWS), mid-elevation spruce-fir forests (MidSF), high-elevation spruce-fir forests (HighSF), 
dry alpine (ADry), shrub alpine (AShrub), and wetland (W) potential natural vegetation (PNV) 
communities in relation to free-ranging caribou herds (British Columbia Ministry of Environment - 
Ecosystems Branch 2015) in northeastern British Columbia, Canada (inset).° 
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from mountain-dwelling herds (Delta, Hodzana, Macomb, Ray Mountain, White Mountain) 
in Alaska, and hand-raised at the Robert G. White Large Animal Research Station, 
University of Alaska Fairbanks, in 2009 (Parker and Barboza 2013).  In 2013, these caribou 
were transferred to the National Council for Air and Stream Improvement (NCASI) research 
facility near Fort St. John, BC.  In addition to the adults raised in Alaska, we used five dam-
raised females born at the NCASI facility.  The University of Northern British Columbia 
Animal Care and Use Committee (Protocol Number 2013-9) approved all protocols used in 
this study. 
During their time in captivity (after weaning), the caribou used in our study were 
maintained on a pelleted ration formulated specifically for caribou (Parker and Barboza 
2013).  While in Alaska, the animals had access to native forages including shrubs, trees, 
lichens, mushrooms, and grasses in their enclosure, similar to forages available to wild 
caribou (Parker and Barboza 2013).  Preliminary foraging studies in captivity exposed these 
caribou to dwarf birch (Betula glandulosa Michx.) and feltleaf willow (Salix alaxensis 
(Andersson) Coville; Thompson and Barboza 2014), which are common across caribou 
ranges.  At the NCASI facility, caribou diets primarily consisted of the pelleted ration, alfalfa 
hay (Medicago sativa L.), clover (Trifolium spp. L.), dandelion (Taraxecum spp. F. H. Wigg) 
and grass (Poa pratensis L., Phleum pratense L., Bromus spp. L.) in the pasture, but we 
supplemented caribou with willows (Salix spp. L.), aspen (Populus tremuloides L.), and 
lichens (primarily Cladina spp. (Nyl.) Nyl. and Cladonia spp. P. Browne).  Caribou exhibited 
a natural affinity for native forages. 
We selected foraging sites across potential natural vegetation (PNV) communities 
available to free-ranging caribou in boreal, montane, and alpine ecosystems of northeastern 
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BC (Table 2.1).  Boreal ecosystems, inhabited by boreal caribou, included black spruce 
(Picea mariana (Mill.) Britton, Sterns & Poggenb.) and white spruce (P. glauca (Moench) 
Voss) communities in the Boreal White and Black Spruce (BWBS) biogeoclimatic ecological 
classification (BEC) zone (Meidinger and Pojar 1991; Table 2.1).  Northern-ecotype caribou 
inhabit both forested montane and alpine ecosystems.  In montane ecosystems, we sampled 
boreal white and black spruce (BWBS) communities in the montane valleys, and mid- (836–
1,165 m) and high-elevation (1,127–1,600 m) spruce (Picea spp. A. Dietr) communities in 
the Sub-Boreal Spruce (SBS) and Engelmann Spruce-Subalpine Fir (ESSF; P. glauca x 
engelmannii Parry ex. Engelm.-Abies lasiocarpa (Hook) Nutt.) zones.  Mid- and high-
elevation spruce-fir forests in the mountains were distinguished by plant community 
composition (Table 2.1).  Along mountaintops, we included a variety of subalpine shrub and 
alpine communities in the Spruce-Willow-Birch (Picea - Salix L. – Betula L.; SWB) zone 
and Alpine Groups (Table 2.1).  We opportunistically sampled a few wetlands in boreal and 
montane landscapes.  Sampling encompassed variation (as described in Table 2.1) in PNV 
communities, with a focus on sampling forests at early, mid, and late-successional stages, 
and on sampling alpine areas with varying levels of primary productivity associated with 
moisture gradients.  Our goal was to capture as much variation in foraging and diet 
composition as possible within and among PNV communities. 
Vegetation sampling occurred between late June and early October.  At each site we 
laid out a linear, baseline transect on a random bearing with four perpendicular transects, 
spaced at equal intervals (generally 20–40 m).  Baseline and transect lengths varied to 
include only the vegetation representative of a single type of plant community, such that 
ecotones with more than one type of PNV community were excluded.  Equally spaced along 
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Table 2.1.  Characteristics and sample size (n) of potential natural vegetation (PNV) communities sampled for both understory vegetation 
biomass and forage consumption by caribou in northeastern British Columbia, with corresponding Biogeoclimatic Ecosystem 
Classification (BEC) classes in bold. 
PNV * Ecological Characteristics 
Boreal black spruce 
bog and/or poor fen 
(BBSbf) 
Extensive nutrient-poor muskegs with overstories dominated (>25–60% cover) by stunted (<10 m 
tall) black spruce (Picea mariana) and occasionally sparse tamarack (Larix laricina (Du Roi) K. 
Koch) on poorly drained sites in the northern boreal lowlands.  Understory typically dominated by 
Ledum groenlandicum, Chamaedaphne calyculata (L.) Moench, Empetrum nigrum, Andromeda 
polifolia L., with Vaccinium vitis-idaea often present.  Sphagnum mosses cover >20% of the area.  
Poor fens are distinguished from bogs in part by the presence of tamarack and can have dwarf 
birch (Betula glandulosa) and willows (Salix spp.) sparsely present.  (n = 12).  BEC classes: 
BWBSmw, BWBSmk. 
 
Boreal black spruce 
upland (BBSupl) 
Upland stands dominated by black spruce >10 m tall.  Sites have closed forest canopies and 
minimal understory productivity.  Ground cover is primarily mosses with sparse lichens (e.g., 
Cladina spp., Cladonia spp.) and dwarf shrubs (<0.2 m; Ledum groenlandicum, Empetrum 
nigrum, Vaccinium myrtilloides Michx., Vaccinium vitis-idaea) available.  (n = 2).  BEC classes: 
BWBSmw, BWBSmk†. 
 
Boreal treed rich fen 
(BTRF) 
Nutrient-rich peatlands at low elevations in the boreal forest, dominated (>25–60% cover; <10 m 
tall) by black spruce and >5% tamarack.  Species-rich sites with bog birch, sweet gale (Myrica 
gale), and willows <2 m tall.  Sphagnum L. mosses cover <20% of area.  (n = 6).  BEC classes: 
Wetland fens (Wf) in BWBSmw, BWBSmk†. 
 
Boreal white spruce 
(BWS) 
Upland stands with overstories of conifers and deciduous species at low elevations in the boreal 
forest.  At more mesic and well-drained sites in the Alberta Plateau, overstory species include 
white spruce (P. glauca), trembling aspen (Populus tremuloides), and balsam poplar (Populus 
balsamifera L.).  Open-canopied lodgepole pine (Pinus contorta Douglas ex Loudon) dominates 
on drier sites where pine-lichen forests occur on coarse-textured soils.  (n = 21).  BEC classes: 
BWBSmk, BWBSmw. 
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PNV * Ecological Characteristics 
Mid-elevation spruce-
fir forest (MidSF) 
Montane forests at mid elevations (e.g., 836–1,165 m) supporting subalpine fir (Abies 
lasiocarpa), lodgepole pine, and Picea spp.  Sites vary depending on physical geography and 
climate.  Understory species include black huckleberry (Vaccinium membranaceum Douglas ex. 
Torr), lingonberry V. vitis-idaea, wild rose (Rosa acicularis Lindl.), twinflower (Linnaea borealis 
L.), squashberry (Viburnum edule (Michx.) Raf.), hairy wild rye (Elymus innovatus = Leymus 
innovatus), and/or horsetails (Equisetum spp.), depending on elevation and location.  (n = 28).  
BEC classes: BWBSwk2 in the north; BWBSwk1 and SBSwk2 from the Peace Arm of the 
Williston Reservoir to the Alberta border. 
  
High-elevation spruce-
fir forest (HighSF) 
Montane forests at high elevations (e.g., 1,127–1,600 m) with subalpine fir, spruce (Picea spp.), 
and lodgepole pine.  Shrub layer usually dominated by Betula glandulosa (SWBmk) or 
Rhododendron albiflorum (ESSFmv).  Common understory shrub species may also include 
willow, black huckleberry and green alder (Alnus crispa = Alnus viridis ssp. crispa).  (n = 33).  
BEC classes: ESSFmv4 and SWBmk north of the Peace Arm of the Williston Reservoir; 
ESSFmv2 from the Peace Arm of Williston Reservoir to Alberta border. 
 
Dry alpine (ADry) Dry sites supporting low-growing, sparse vegetation at high-elevation (e.g., 1,447–1,859 m); trees 
absent except for krummholz patches at timberline including spruce (Picea spp.), subalpine fir and 
lodgepole pine.  Sites may be dominated by exposed gravel, rock, and/or mineral soil and may be 
interspersed with mat-forming forbs, graminoids (e.g., Festuca spp.), and/or lichens (e.g., foam 
lichen Stereocaulon paschale).  Erect shrubs largely absent, but dwarf shrubs (<0.2 m tall) 
including crowberry, lingonberry, kinnickinnick, and net-veined willow may be common.  
(n = 16).  BEC classes: Alpine fellfield (Af), Alpine grasslands (Ag), Alpine heath (Ah). 
 
Shrub alpine (AShrub) Subalpine shrub groups at high-elevation (e.g., 1,413–1,750 m) indicated by the presence (>10% 
cover) and abundance of erect (>0.2 m) deciduous shrubs.  Relatively mesic to wet sites are 
dominated by willows or co-dominated by dwarf birch, with dwarf birch dominant on drier sites.  
Trees are absent except for krummholz patches at timberline.  (n = 13).  BEC classes: SWBmk 
and Sc (subalpine shrubland class).   
 
  
Table 2.1 (cont.) 
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PNV * Ecological Characteristics 
Wetlands (W) Broad class of wetland sites inundated with water during much of the year with soils that are wet 
year-round and generally lacking coniferous or deciduous tree species.  This type includes willow- 
and sedge-dominated wet meadows at mid to high elevations in the mountains, and shrubby rich 
fens (willow-dominated) and graminoid-rich fens (sedge-dominated) in the boreal forest.  Some 
forbs (i.e., Aster spp., Senecio spp.) can be common in the mountain wetland meadows.  Primary 
species in the boreal wetlands include Betula glandulosa and/or sweet gale (indicator species for 
shrubby rich fens).  (n = 4).  BEC classes: Wm (wetland marshes), Wf (wetland fens) in BWBS 
and ESSF. 
*Adapted from British Columbia BEC Classification (Delong et al. 1994, 2011; Mackenzie 2012) and Boreal Wetland Classification (Ducks 
Unlimited Canada 2014) 
†Included in this PNV type, but not sampled with caribou  
Table 2.1 (cont.) 
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each perpendicular transect, we placed two, 2-m2 circular vegetation plots.  Within each plot, 
we clipped all aboveground biomass of current annual growth by plant species.  For conifers 
and evergreens, we also clipped previous year foliage.  Clubmosses (Lycopodium spp. L.) 
and lichens (arboreal and terrestrial) were clipped in their entirety.  Except for mosses and a 
few Parmeliaceae family lichens, we collected all vegetation biomass from ground level to 
2-m height, representing the biomass available to (within reach of) caribou.  We visually 
estimated percent cover of mosses at each plot.  We separated plant samples by species and 
oven-dried them at >70° C to a constant mass to estimate available biomass of each species 
at each site. 
After collecting vegetation biomass, we assembled temporary electric fencing to 
create an animal enclosure within the PNV community, beginning along the baseline transect 
laid out for vegetation sampling.  Enclosures generally ranged in size from 0.4–1.75 ha, with 
larger sizes for plant communities having lower total biomass and for longer duration of 
occupancy (up to 48 h, plus habituation time).  Larger enclosures in low-biomass settings 
helped to ensure enough forage existed to avoid impacts on foraging patterns of caribou.  
Caribou were held in enclosures <48 h where forage was very low or when large predators 
were detected nearby.  Of the 135 enclosures we sampled with caribou, we used 13 for ≤24 h, 
51 for 24–48 h, and 72 for 48 h. 
We transported tame caribou by stock trailer to enclosures between early July–late 
September/early October each year.  Duration of sampling depended on factors such as 
timing of vegetation green-up, calf size (for safe transport), insect harassment, and weather 
(e.g., snow).  Once on site, we initially allowed caribou 10–16 h to habituate to their new 
environment prior to collecting data on diet composition.  As the study progressed, animals 
 
 
22 
 
learned the routine and exposure to new plants became less common, allowing us to decrease 
habituation time.  Ultimately, caribou began foraging normally almost immediately upon 
release into enclosures.  Caribou subsisted exclusively on native vegetation during their time 
in enclosures and we did not provide additional food supplementation, except a small pellet 
reward for loading into the stock trailer. 
We usually observed four caribou within each enclosure, but due to a shortage of 
tractable animals, we observed only three caribou in 19 of 45 enclosures in 2014 and in four 
of 45 enclosures in 2015.  We observed the animals during four foraging trials spaced 
throughout the day from dawn until dusk, for a total of 75 min per day per caribou or 5 h 
total per day per enclosure (3.75 h ● day-1 for three caribou).  We collected two morning 
trials (0500–1100 h), one midday trial (1100–1600 h), and one evening trial (1700–2100 h).  
Morning and evening trials lasted 20 min each, while midday trials were 15 min.  During 
foraging trials, observers recorded the species of each bite that focal caribou consumed.  
Representative bite masses were collected based on direct observations of foraging (Wallmo 
and Neff 1970; Boertje 1984; Rominger et al. 1996), which included cropping, stripping, and 
single-leaf bites.  We dried the bite mass samples at >70° C to a constant mass to estimate 
average dry matter content of each species consumed within each enclosure.  We summed 
the products of bite mass (g) and bite rate (bites/trial) for each species consumed during 
foraging trials to estimate dry matter intake (g) during each trial.  We then summed the dry 
matter intakes from the foraging trials of all animals per enclosure to determine diet 
composition and selection for that community. 
For each enclosure, we calculated percent of intake of each species as the species-
specific dry matter intake (g) divided by the total dry matter intake (g) recorded during 
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foraging trials.  Percent of available biomass for each species was calculated similarly.  We 
treated each enclosure in which a species was present as an independent sample.  We 
grouped individual plant species into forage classes (deciduous shrubs, evergreen shrubs, 
forbs, graminoids (including horsetails), mushrooms, arboreal lichens, terrestrial lichens, and 
other (club mosses, ferns, conifers)) for comparisons of diet composition among PNV 
communities.  For conifers and evergreen shrubs, we combined current and previous year’s 
annual growth for dry matter intake and biomass.  We did not separate berries from new 
growth (leaves and stems) of evergreen shrubs. 
For each species, we assessed selection using Ivlev’s electivity index (Eq. 1): 
(1)                                            𝐸 = (𝑈 − 𝐴)/(𝑈 + 𝐴) 
where (E) is the electivity score, (U) is the proportion used (i.e., intake) and (A) is the 
proportion available (i.e., biomass) (Ivlev 1961).  When positive identification to species was 
not possible and/or to meet minimum sample size requirements for statistical analyses, we 
combined some plant species to genus (e.g., Aster spp. L.) and others to forage class (e.g., 
mushroom; Appendix A: Table A.1).  We present the mean Ivlev score for each species or 
taxon (across all enclosures where the species was present) consumed by caribou in this 
study (Table A.1).  We chose Ivlev’s electivity index (with use-availability proportions) for 
ease of interpretation: scores near -1 indicate avoidance, near zero indicate random use, and 
near +1 indicate selection.  In a few cases, we observed intake of a species by caribou, but we 
did not record any biomass of that species in the sample vegetation plots.  Due to inherent 
error associated with any measure of biomass (availability, A), there can be times when 
highly selected rare species occur in diets (use, U), but not in biomass.  If U >0, however, 
then A also, by definition, must be >0.  For such cases, we substituted the quantity of intake 
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(g) of that species for the zero value of biomass (kg ● ha-1), as we knew that quantity was the 
minimum biomass of that species in that enclosure.  Removing these species from analyses 
would have introduced a biological and mathematical bias into our calculation of selection.  
Moreover, had we deleted those cases, highly selected but rare species would have been 
categorized incorrectly as avoided species using the Ivlev calculation. 
For electivity scores by species, we used a Wilcoxon signed-rank test to test for 
difference from zero (α = 0.05) because the data could not be normalized (Lechowicz 1982).  
Normal distributions are not expected with Ivlev’s electivity index for a given species with 
multiple observations, as data are commonly skewed toward +1 or -1.  Species that had 
electivity scores significantly >0 were categorized as selected, significantly <0 were avoided, 
and not significantly different than 0 were neutral.  We used electivity results to quantify the 
amount of forage at each site as accepted (sum of selected and neutral species) or unaccepted 
(avoided species).  Sample sizes (i.e., the number of enclosures in which caribou encountered 
a given species) by plant species, and the PNV communities in which caribou consumed 
them, are given in Appendix A (Table A.1).  Power was generally insufficient in non-
parametric tests to provide meaningful results for n < 10 (because Ivlev scores could be 
highly variable).  For example, each observation of each species has an Ivlev score calculated 
individually, but together these scores were used in the Wilcoxon signed-rank test to 
determine if the mean electivity score was significantly different from zero.  For a species 
where n = 6, and five observations were selected and one was avoided, the Wilcoxon signed-
rank test on all six scores would return an insignificant result (P > 0.05) and the species 
would be categorized as neutral, even though a majority of the individual observations had 
positive Ivlev scores (indicative of selection).  For these species with small sample sizes (n < 
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10) or for which we did not have biomass estimates within caribou enclosures (i.e., present in 
the study area, but caribou never encountered), we inferred selection based on how caribou 
used similar taxa and/or mean electivity scores if available (Table A.1). 
To ensure that our estimates of accepted and avoided forage reflected relatively 
consistent selectivity of caribou, we assessed whether selection of species was consistent 
across PNV communities and across time.  We used Kruskal-Wallis tests (KWALLIS) in 
STATA 11.2 (StataCorp 2009) to compare electivity scores of species using the following 
PNV groups for increased statistical power: i) alpine (dry and shrub alpine); ii) boreal (boreal 
black spruce bogs, fens, uplands; boreal treed rich fens; and boreal white spruce); and iii) 
montane (mid- and high-elevation spruce).  Wetland communities were excluded from this 
analysis due to small sample size (n = 4).  For Kruskal-Wallis tests we set a minimum sample 
size of n ≥ 10 per PNV group (as above for Wilcoxon signed-rank tests).  We wanted to 
examine if considering PNV resulted in the change of a species from accepted (neutral or 
selected categories) to avoided (or vice versa).  When main effects of Kruskal-Wallis tests 
were significant we did not run a post-hoc comparison for that species.  Instead, we ran the 
Wilcoxon signed-rank test for that species separately for each PNV group to determine if the 
species was avoided, neutral, or selected (as above).  In addition, we used Kruskal-Wallis and 
Wilcoxon signed-rank tests to determine if selection changed across seasons.  From diet 
quality results (unpublished data; Chapter 4), we identified a high-quality season from 1 
July–15 August, an early senescence season when leaves begin changing colors from 15 
August–15 September, and a late senescence season when leaf drop and declines in quality 
are greatest from 16 September–10 October.  Dates for these seasons were consistent across 
all three years. 
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Results 
Diet Composition 
We observed foraging by tame, female caribou at 135 sites where we recorded 1,193,461 
bites on forages during 3,016 foraging trials totaling nearly 942 h of foraging observations.  
Of the more than 282 species of understory vegetation that caribou encountered during the 
three years of this study, they consumed at least one bite of 233 distinct species.  From July–
October each year, we observed caribou foraging at alpine (shrub, n = 13; dry, n = 16), 
montane spruce-fir forests (mid-elevation, n = 28; high-elevation, n = 33), boreal black 
spruce (bogs and treed poor fens, n = 12; uplands, n = 2; treed rich fens, n = 6), boreal white 
spruce (n = 21), and wetland (n = 4) communities.  Individuals within the same enclosure 
were remarkably consistent in the species and the proportions of each species they consumed.  
Diet breadth, based on number of species consumed, was on average greatest in boreal white 
spruce communities (31 ± 9; x̄ ± SD) and lowest in wetlands (15 ± 1).  The maximum 
number of species consumed was 54 (in a high-elevation spruce-fir forest) and the minimum 
was 10 (in a boreal treed rich fen).  Caribou consumed deciduous shrubs, terrestrial lichens, 
forbs, graminoids, mushrooms, arboreal lichens, and berries of evergreen shrubs (Figs. 2.2, 
2.3; Table 2.2).  Despite high abundance in many enclosures, evergreen shrubs, conifers, 
mosses, clubmosses, and the terrestrial lichens Stereocaulon paschale (L.) Hoffm. and 
Peltigera spp. Willd. accounted for ˂1% of all recorded intake (Figs. 2.2, 2.3; Table 2.2). 
Deciduous shrubs dominated the summer and early autumn diets of caribou in all 
plant communities sampled (Figs. 2.2, 2.3; Table 2.2).  At shrub alpine and boreal white 
spruce sites, deciduous shrubs comprised two-thirds of the diet and >50% of diets at high-
elevation spruce and boreal treed rich fen sites (Figs. 2.2, 2.3; Table 2.2).  Lowest mean  
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Figure 2.2.  Mean (± SE) proportion of forage intake by tame caribou and available biomass of forage 
classes in potential natural vegetation (PNV) communities of montane and alpine ecosystems, which 
are mid-elevation spruce-fir forests (MidSF), high-elevation spruce-fir forests (HighSF), dry alpine 
(ADry), and shrub alpine (AShrub) sampled during summer and early autumn of 2013–2015 in 
northeastern British Columbia. 
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Figure 2.3.  Mean (± SE) proportion of forage intake by tame caribou and available biomass of forage 
classes in potential natural vegetation (PNV) communities of boreal ecosystems, which are boreal 
black spruce bog and fen (BBSbf), boreal black spruce upland (BBSUpl), boreal treed rich fen 
(BTRF), and boreal white spruce (BWS) sampled during summer and early autumn of 2013–2015 in 
northeastern British Columbia.
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Table 2.2.  Mean (± SE, minimum–maximum) proportion of intake by forage class (arboreal lichens (AL), deciduous shrubs (DS), evergreen 
shrubs (ES), forbs (FO), fungi (FU), graminoids (grasses, sedges, rushes, horsetails; GR), terrestrial lichens (TL), and other (O) which includes 
conifers, clubmosses, ferns, mosses, and Stereocaulon lichens) for tame caribou within potential natural vegetation (PNV) communities of 
northeastern British Columbia in summer and early autumn, 2013–2015.  --- indicates no measured value. 
Forage  
Class 
Potential Natural Vegetation (PNV)* 
 BBSbf BBSupl BTRF BWS MidSF HighSF ADry AShrub W 
AL 0.11 ± 0.06 0.13 ± 0.03 0.03 ± 0.01 0.04 ± 0.02 0.08 ± 0 0.03 ± 0.01 --- --- 0.11 ± 0.1 
 
0–0.63 0.1–0.15 0–0.09 0–0.39 0–0.58 0–0.25 --- --- 0–0.4 
DS 0.25 ± 0.07 0.07 ± 0.04 0.53 ± 0.12 0.67 ± 0.05 0.41 ± 0.05 0.56 ± 0.04 0.23 ± 0.05 0.66 ± 0.07 0.37 ± 0.2 
 
0.02–0.87 0.03–0.1 0.2–0.84 0.24–0.98 0–0.5 0.01–0.92 0–0.51 0.14–0.93 0.02–0.86 
ES 0.01 ± 0 --- --- 0 ± 0 0 ± 0.02 0.01 ± 0.01 0.06 ± 0.02 0.04 ± 0 0 ± 0 
 
0–0.03 --- --- 0–0.01 0–0.19 0–0.18 0–0.19 0–0.44 0–0.01 
FO 0.08 ± 0.02 0 ± 0 0.07 ± 0.05 0.14 ± 0.02 0.20 ± 0.04 0.21 ± 0.03 0.16 ± 0.04 0.04 ± 0.01 0.35 ± 0.11 
 
0.01–0.21 0.01–0.31 0.01–0.31 0–0.45 0–0.61 0–0.67 0–0.61 0–0.14 0.02–0.53 
FU 0.05 ± 0.01 0 ± 0 0.18 ± 0.04 0.03 ± 0.02 0.03 ± 0.05 0.05 ± 0.02 0.11 ± 0.05 0.10 ± 0.04 0.01 ± 0.01 
 
0–0.14 --- 0.01–0.3 0–0.31 0–0.76 0–0.55 0–0.76 0–0.4 0–0.02 
GR 0.06 ± 0.03 0.02 ± 0.02 0.01 ± 0.01 0.04 ± 0.01 0.16 ± 0.02 0.03 ± 0.01 0.09 ± 0.02 0.01 ± 0.04 0.16 ± 0.11 
 
0–0.36 0–0.04 0–0.04 0–0.15 0–0.28 0–0.23 0–0.28 0–0.04 0.02–0.47 
TL 0.45 ± 0.08 0.79 ± 0.02 0.18 ± 0.07 0.07 ± 0.04 0.12 ± 0.06 0.11 ± 0.02 0.30 ± 0.06 0.14 ± 0.04 --- 
 
0.01–0.79 0.77–0.8 0.02–0.44 0–0.7 0.12–0.89 0–0.52 0.12–0.89 0.01–0.44 --- 
O 0 ± 0 --- --- 0 ± 0 0 ± 0 0 ± 0 0.06 ± 0 0.01 ± 0 --- 
 
0–0.01 --- --- 0–0.02 0–0.01 0–0.01 0–0.01 0–0.01 --- 
* PNV communities are boreal black spruce bogs and fens (BBSbf), boreal black spruce uplands (BBSupl), boreal treed rich fens (BTRF), boreal 
white spruce (BWS), mid-elevation spruce-fir forests (MidSF), high-elevation spruce-fir forests (HighSF), dry alpine (ADry), shrub alpine 
(AShrub), and wetlands (W) 
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contributions of deciduous shrubs to caribou diets occurred in boreal black spruce uplands 
(7 ± 3%, x̄ ± SE) and in boreal black spruce bogs (25 ± 7%).  The percent of deciduous 
shrubs in the diets of caribou averaged two times the percent of their available biomass, 
except in high-elevation spruce-fir forests (where percent intake was 1.8 times percent 
biomass; Figs. 2.2, 2.3).  Caribou primarily ingested leaves and berries during summer and 
early autumn. 
Highest consumption of terrestrial and arboreal lichens (45 ± 8% of caribou diets) by 
caribou occurred in unproductive boreal black spruce communities, particularly bogs and 
poor fens, followed by dry alpine sites where there was relatively little other accepted forage 
(Figs. 2.2, 2.3; Table 2.2).  At more productive boreal (rich fens, boreal white spruce) and 
alpine (shrub) communities, lichens contributed much less to caribou diets — as low as 7% 
(Figs. 2.2, 2.3; Table 2.2). 
There were high inter-annual differences in the contribution of mushrooms to caribou 
diets, corresponding with differences in their abundance related to precipitation and PNV 
community.  Mean dietary proportion of mushrooms was greatest during 2015 (9 ± 2%, 
x̄ ± SE) and least in 2014 (0.3 ± 0.1%).  Dietary mushroom contributions ranged from 0–76% 
of individual caribou diets (Table 2.2) during the wettest summer of our study (2013: 282 
mm precipitation reported for Fort St. John, BC from 15 June to 10 October, compared to 
104 mm in 2014 and 160 mm in 2015; The Weather Network 2016).  In dry alpine 
communities in 2013, mushrooms made notable contributions to caribou diets, averaging 
20% of the diet (Fig. 2.2).  In contrast, mushrooms comprised only 1–3% of caribou diets 
among all the PNV communities in the driest year (2014) due to limited availability.  Species 
composition and availability of forbs and graminoids varied among PNV communities (Figs. 
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2.2, 2.3), with concomitant variation in use.  Caribou consumed at least 87 species of forbs 
(Table A.1) and forb consumption on average was greatest in montane spruce-fir forests 
(~20% of the diet) and least at shrub alpine sites (4 ± 1%; Fig. 2.2, Table 2.2).  Graminoids 
on average were used most by caribou in mid-elevation montane spruce communities (Fig. 
2.2, Table 2.2), but typically contributed little to diets. 
Selection and Avoidance 
Some of the ~282 species caribou encountered in our study were not collected for biomass 
estimates or were not identifiable to species, resulting in 234 forages assessed for selection 
(Table A.1).  Caribou avoided 115 species, displayed neutral use of 91 species, and selected 
28 species (Table A.1).  We had adequate sample sizes to test for differences in selection for 
40 species that occurred in two PNV groups and 11 species that were in three PNV groups.  
For selection across seasons (in seasonal groups) we had adequate sample sizes for testing 30 
species in two of the sampling periods and 30 species in all three sampling periods. 
Selection patterns were generally consistent across the seasonal gradient and among 
PNV communities.  For eight species (i.e., Aconitum delphiniifolium DC., Cladonia spp., 
Cladina mitis, Cladina rangiferina, Empetrum nigrum L., mushrooms, Salix spp., Vaccinium 
vitis-idaea L.), Ivlev scores varied significantly among PNV groups (based on Kruskal-
Wallis tests).  Vaccinium vitis-idaea and Empetrum nigrum changed from neutral (alpine) to 
avoided (boreal and montane PNV groups) as indicated by subsequent Wilcoxon signed-rank 
tests by PNV group.  Caribou consumed the berries of V. vitis-idaea (neutral) and Empetrum 
nigrum particularly late in the season, but in general avoided the leaves and stems of these 
(and all) evergreen shrubs.  Across all PNV communities, caribou diets averaged 78 ± 2% 
selected species, 15 ± 1% neutral species, and 7 ± 1% avoided species (Fig. 2.4C). 
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Figure 2.4.  Total available biomass (kg ● ha-1) of understory vegetation (A), proportion of available 
biomass (B), and mean proportion of intake (C) by tame caribou in potential natural vegetation (PNV) 
communities sampled during summer and early autumn 2013–2015 in northeastern British Columbia.  
For each, available biomass or intake of vegetation is presented for selected, neutral, and avoided 
species.  Neutral and selected species represent forage accepted by caribou within these plant 
communities, compared to avoided species.  BBSbf = boreal black spruce bogs and poor fens, 
BBSupl = boreal black spruce uplands, BTRF = boreal treed rich fens, BWS = boreal white spruce 
forests, MidSF = montane mid-elevation spruce-fir forests, HighSF = montane high-elevation spruce-
fir forests, ADry = dry alpine, AShrub = shrub alpine, W = wetlands. 
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Ivlev scores for five species (i.e., Aconitum delphiniifolium, Epilobium angustifolium 
L. = Chamerion angustifolium ssp. angustifolium (L.) Holub, Equisetum arvense/pratense L., 
Equisetum sylvaticum L., and Hierochloe alpina (Sw. ex Willd) Roem. and Schult. = 
Anthoxanthum monticola (Bigelow) Veldkamp) varied across seasons (i.e., significant 
Kruskal Wallis tests).  Closer examination of the selection of those species across seasons 
(i.e., Wilcoxon signed-rank test by seasonal groups) showed that three of the species were 
neutral early in summer, but were avoided in later sampling periods (i.e., mid-season: E. 
sylvaticum.; H. alpina; late season: E. angustifolium) and one species (E. arvense/pratense) 
was selected early in summer and neutral later in summer. 
Although we observed consumption of over 200 species, caribou were highly 
selective among plant taxa (Table A.1).  Strongest selection was for deciduous shrubs, forbs, 
lichens, and mushrooms.  Among deciduous shrubs, caribou exhibited highest selection for 
Betula papyrifera Marshall, Salix spp., Vaccinium spp. L. (deciduous species), and Alnus 
crispa (Aiton) Pursh = Alnus viridis ssp. crispa (Aiton) Turrill (Table A.1).  Among forbs, 
caribou selected various Aster spp. L., as well as several species in the lily (Clintonia 
uniflora (Menzies ex Schult. & Schult. f.) Kunth); Streptopus amplexifolius (L.) DC. and pea 
(Lathyrus spp. L.) families (Table A.1).  Caribou selected some (e.g., Alectoria spp. Ach., 
Bryoria spp. Brodo and Hawkshaw), but not all arboreal lichens and only five of the 14 
species of terrestrial lichens encountered (Table A.1).  Cetraria L., Flavocetraria Kärnefelt 
and Thell, Cladina, and Cladonia spp. accounted for 97% of all terrestrial lichen intake.  
Caribou also selected among available mushrooms, but we were unable to identify species of 
mushrooms.  The only selected graminoid species was hairy wild rye (Elymus innovatus Beal 
= Leymus innovatus (Beal) Pilg.). 
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Caribou avoided non-deciduous, non-lichen plant groups, especially evergreen 
shrubs, conifers, ferns, clubmosses, mosses, and some terrestrial lichens (Table A.1).  They 
avoided several highly abundant species including evergreen Labrador tea (Ledum 
groenlandicum Oeder = Rhododendron groenlandicum (Oeder) Kron & Judd), deciduous 
white-flowered rhododendron (Rhododendron albiflorum Hook.), and the terrestrial lichen 
Stereocaulon paschale.  Even when S. paschale accounted for nearly half of the available 
biomass, it contributed to <1% of all intake (Table A.1).  Based on our percent cover 
estimates, mosses were abundant in most enclosures, but never comprised >0.05% of any 
caribou diets, indicating strong avoidance. 
Accepted Biomass 
Available biomass (and the proportions accepted or avoided by caribou) varied among PNV 
communities (Fig. 2.4A, B).  Except for shrub alpine communities, accepted biomass 
comprised less than half of the available understory vegetation in all PNV communities 
where we observed foraging by caribou (Fig. 2.4B).  Accepted biomass was highest in shrub 
alpine communities (742 ± 81 kg ● ha-1; Fig. 2.4A; Table 2.3) and lowest in boreal black 
spruce uplands (42 ± 31 kg ● ha-1, n = 2; Fig. 2.4A; Table 2.3).  Overall, boreal communities 
had less total and accepted biomass than shrub alpine communities or spruce-fir forests in the 
mountains (Fig. 2.4; Table 2.3).  Deciduous shrubs largely accounted for the high levels of 
accepted biomass within many plant communities, specifically Salix spp., Betula spp., and 
Alnus crispa.  Avoided biomass, dominated by the terrestrial lichen Stereocaulon paschale 
and evergreen shrubs, was greatest in shrub (1,198 ± 308 kg ● ha-1; Fig. 2.4A) and dry 
(1,118 ± 241 kg ● ha-1; Fig. 2.4A) alpine communities. 
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Table 2.3.  Mean (± SE, min–max) available biomass (kg ● ha-1) by forage class (arboreal lichens ((AL)), conifers (CO), clubmosses (CM), 
deciduous shrubs (DS), evergreen shrubs (ES), forbs (FO), ferns (FE), fungi (FU), grasses (GS), graminoid non-grasses (GR), mosses (MO), and 
terrestrial lichens (TL)) within potential natural vegetation (PNV) communities of northeastern British Columbia.  --- indicates no measured value. 
 Potential Natural Vegetation (PNV)* 
Forage 
class 
BBSbf  
(12) 
BBSupl  
(2) 
BTRF  
(6) 
BWS  
(21) 
MidSF  
(28) 
HighSF  
(33) 
ADry  
(15) 
AShrub  
(14) 
W  
(4) 
AL 7 ± 4 10 ± 3 7 ± 2 6 ± 4 2 ± 1 3 ± 1 --- --- 0 ± 0 
 
0–46 7–13 0–13 0–73 0–15 0–30 --- --- 0–1 
CO 159 ± 41 20 ± 1 78 ± 33 142 ± 66 224 ± 50 163 ± 38 83 ± 45 66 ± 29 77 ± 76 
 
0–528 19–21 26–237 0–1,267 0–886 3–1,109 0–634 0–290 0–306 
CM --- --- --- 43 ± 18 17 ± 8 13 ± 5 --- --- --- 
 
--- --- --- 0–322 0–201 0–123 --- --- --- 
DS 19 ± 8 1 ± 1 243 ± 68 216 ± 33 278 ± 71 390 ± 63 107 ± 22 506 ± 84 198 ± 100 
 
0–91 0–2 63 –512 5–511 1–1 528 4–1,640 3–285 213–1,270 36–489 
ES 575 ± 92 48 ± 46 286 ± 45 172 ± 48 76 ± 16 120 ± 38 251 ± 110 71 ± 25 45 ± 40 
 
116–1,075 2–94 161–404 0–767 0–274 0–891 0 –1,813 0–301 0–165 
FO 63 ± 16 2 ± 1 125 ± 37 178 ± 24 254 ± 73 378 ± 75 145 ± 31 87 ± 43 70 ± 39 
 
5–195 1–3  53–288 50–476 6–1,935 1–1,557 2–390 0–510 0–1,623 
FE --- --- --- 1 ± 1 19 ± 7 7 ± 3 --- --- --- 
 
--- --- --- 0–15 0–135 0–68 --- --- --- 
FU 2 ± 1 --- 5 ± 2 2 ± 1 3 ± 2 3 ± 1 3 ± 2 6 ± 2 0 ± 0 
 
0–5 --- 0–11 0–12 0–42 0–39 0–37 0–288 0–1 
GS 14 ± 14 --- 46 ± 24 138 ± 51 120 ± 34 39 ± 11 47 ± 14 71 ± 29 124 ± 116 
 
0–163 --- 0–142 0–970 0–794 0–258 2–176 6–355 0–472 
GR 92 ± 38 15 ± 15 109 ± 56 27 ± 8 34 ± 12 21 ± 8 35 ± 20 19 ± 15 695 ± 234 
 
0–473 0–30 29–384 0–122 0–245 0–199 0–326 0–201 144–1,284 
MO † 77 ± 8 100 ± 0 71 ± 8 52 ± 7 54 ± 7 44 ± 5 36 ± 7 39 ± 8 48 ± 4 
 
16–100 100–100 52–95 2–100 0–100 0–88 1–78 43–79 36–53 
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 Potential Natural Vegetation (PNV)* 
Forage 
class 
BBSbf  
(12) 
BBSupl  
(2) 
BTRF  
(6) 
BWS  
(21) 
MidSF  
(28) 
HighSF  
(33) 
ADry  
(15) 
AShrub  
(14) 
W  
(4) 
TL 237 ± 89 23 ± 17 72 ± 45 10 ± 6 90 ± 39 145 ± 68 820 ± 235 1,113 ± 312 --- 
  5–828 7–40 5–293 0–113 0–868 0–1,769 34–3,195 36–3 310 --- 
* PNV communities (with sample size in parentheses) are boreal black spruce bogs and fens (BBSbf), boreal black spruce uplands (BBSupl), 
boreal treed rich fens (BTRF), boreal white spruce (BWS), mid-elevation spruce-fir forests (MidSF), high-elevation spruce-fir forests 
(HighSF), dry alpine (ADry), shrub alpine (AShrub), and wetlands (W) 
† Measurements for mosses represent visual estimates of percent ground cover as we did not collect biomass of mosses 
Table 2.3 (cont.) 
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Discussion 
With over 940 h of direct observation, we provide the most comprehensive data on diet 
composition and selection for caribou in the boreal forests and mountains of western Canada.  
We conducted this study exclusively during summer and early autumn because it is during 
these seasons that caribou have elevated nutritional demands for lactation, calf-rearing, and 
accretion of body reserves.  Few studies have assessed how nutrition during summer may 
affect caribou populations in western Canada (but see Russell et al. 2005; White et al. 2014) 
despite the importance of summer nutrition to other northern ungulate species (e.g., Parker et 
al. 1999; Cook et al. 2004, 2013; McArt et al. 2009).  We assessed the forage base from the 
perspective of a caribou, linking diet composition to specific plant communities and, 
therefore, bypassing assumptions of intake, removal, and differential digestibility associated 
with microhistological (i.e., fecal and rumen analyses) or feeding-site assessments (Bergerud 
and Russell 1964; Bergerud 1972).  Our close proximity to foraging caribou allowed us to 
document nuances in foraging behaviour such as false bites, intra-oral sorting, changing 
search images, and variation in bite mass, as reported elsewhere (Trudell and White 1981; 
Parker et al. 1999; Thompson and Barboza 2014).  Such fine-scale foraging decisions can 
have multiplier effects on dietary assessments (White 1983). 
During the growing season, caribou consume diverse diets of relatively high quality 
through selective foraging (Bergerud 1972; Thompson and McCourt 1981; Boertje 1984; 
Russell et al. 1993; Thomas et al. 1996; Thompson et al. 2015).  We found caribou to be 
highly selective foragers, selecting only 28 species (~10% of those encountered; Table A.1), 
almost half of which were deciduous shrubs.  Use of deciduous shrubs was always greater 
than the proportion of those species available.  Deciduous shrubs were the primary summer 
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forage of caribou in our study, and for woodland caribou (R. t. caribou) in Newfoundland 
(Bergerud 1972), and barren-ground caribou (R. t. granti Allen, 1902) in Alaska (Thompson 
and McCourt 1981; Boertje 1984) and Greenland (R. t. groenlandicus Borowski, 1780; Thing 
1984).  In contrast, caribou in Ontario evidently consumed few (~1%) deciduous shrubs 
during summer (Thompson et al. 2015), which may be indicative of habitats with different 
species composition and perhaps low availability of accepted shrub species.  Deciduous 
shrub leaves offer large bite masses — a primary driver of intake rate (Shipley and Spalinger 
1992) — and they are a relatively high source of energy and protein (Klein 1990; Thompson 
and Barboza 2014), making them an advantageous choice for caribou, especially when 
nutritional requirements are elevated. 
Caribou selected some forbs and mushrooms (Table A.1), which had important, but 
variable, contributions to caribou diets.  Large-leaved forb species (e.g., Clintonia uniflora, 
Smilacina racemosa Desf., Streptopus amplexifolius) were some of the most highly preferred 
of all plant species.  Although prevalent at some sites, caribou consumed relatively little 
fireweed, which was surprising given its apparent selection and high use by other cervids 
(Irwin and Peek 1983; Merrill et al. 1995; Parker et al. 1999; Ulappa 2015).  Mushrooms 
were also highly selected in our study, but their biomass was quite variable.  As a result, 
mushrooms made variable contributions to caribou diets, either dominating them (Skoog 
1968; Roby and Thing 1985; autumn 2013, this study) or being absent altogether (summer 
2014, this study).  Although we did not identify mushrooms to species, mushrooms 
consumed by caribou include Boletus L., Lactarius Pers., and Russula spp. Pers. (Skoog 
1968; Launchbaugh and Urness 1970; Boertje 1984). 
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Arboreal and terrestrial lichens are primary winter forages for caribou in BC 
(Edwards et al. 1960; Kinley et al. 2007) and terrestrial lichens are a primary summer forage 
in Ontario (Thompson et al. 2015).  Neither arboreal nor terrestrial lichens, however, were 
the primary summer forage of caribou in our study.  Our caribou consumed more lichens 
when availability of accepted lichens was relatively high, but consumption declined when 
accepted vascular plants were abundant.  Our results support Bergerud’s (1972) hypothesis 
that lichen use is a function of availability rather than an obligate foraging strategy.  Lichens 
contribute significantly to caribou diets in some ecosystems and seasons, but alone they are 
inadequate to satisfy summer nutritional requirements of caribou (Boertje 1984, 1990; 
reviewed by Miller 2000).  Protein levels in lichens are generally too low (2–6% crude 
protein; Bergerud 1972; Person et al. 1980; Storeheier et al. 2002) to restore body reserves of 
protein and caribou spend most of the year in a negative protein balance (Gerhart et al. 1996).  
Caribou can exploit protein-rich vascular plants during summer to store body reserves, 
allowing them to withstand periods of negative protein balance (Gerhart et al. 1996), 
including during winter when diets are dominated by lichens (e.g., Terry et al. 2000) and for 
fetal growth in late spring (Parker et al. 2005). 
Evergreen shrubs (e.g., Ledum spp.), conifers (e.g., Abies Mill. and Picea spp.), and 
mosses provide few readily accessible nutrients because of plant defensive compounds and 
low digestibility (Bergerud and Russell 1964; Bryant et al. 1991; Sauvé and Côté 2006) and 
such low-quality plants are often avoided (Klein 1970; Bryant et al. 1983; White 1983; Sauvé 
and Côté 2006).  Consumption of low-quality forages reduces the ability of ruminant species 
to satisfy longer-term intake rates (reviewed by Allen 1996), which may explain the highly 
selective foraging behaviour of caribou.  Even when the availability of accepted species was 
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low, caribou consistently avoided low-quality plants (Boertje 1984; Thompson et al. 2015; 
this study).  Nitrogen-fixing lichen genera Peltigera and Stereocaulon produce toxins (Huss-
Danell 1977; Kallio and Kallio 1978; Kytöviita and Crittenden 2007) rendering them 
unpalatable to reindeer (R. t. tarandus L., 1758; Storeheier et al. 2002; Kaasalainen et al. 
2013) and caribou (Holleman and Luick 1977; this study).  Caribou used careful, highly 
selective foraging and intra-oral sorting to separate selected terrestrial lichens from dense 
mats of Stereocaulon.  Intra-oral sorting also was used to separate berries from leaves and 
stems of evergreen shrubs (E. nigrum, V. vitis-idaea) as reported elsewhere (Boertje 1984; 
Thing 1984).  Unpalatable items in caribou diets may reflect incidental intake during intra-
oral sorting or poor range quality (Bergerud and Russell 1964; Boertje 1984). 
Although selection indices do not indicate true forage preference, which may only be 
determined through cafeteria-style foraging trials where abundance of all items is equal, they 
are informative and widely used (e.g., Cook et al. 2016; Holleman and Luick 1977; 
Thompson and Barboza 2014).  An apparent limitation of selection studies is the difficulty in 
determining selection for rare species, which we also documented.  Smilacina racemosa and 
Cetraria islandica were classified as neutral, but are most likely selected based on our 
observations (they were consumed by caribou whenever encountered).  Rare species, because 
of their inherently small contribution to biomass and/or diet composition (<1%), did not have 
a strong influence on our overall inferences, especially in quantifying accepted biomass 
within plant communities.  Moreover, results from selection indices corroborated our 
observations of the highly selective foraging behaviours of caribou and as such were useful 
in quantifying forage values of different plant communities. 
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Forage availability and distribution have strong implications for how highly mobile 
species, such as caribou, interact with their habitats, especially if animals spatially disperse to 
exploit relatively few selected species.  Accepted biomass is a biologically sensitive metric 
that reflects the selectivity of caribou and as such, offers novel insights into understanding 
differences in food supplies across northeastern BC.  Across all PNV communities sampled, 
caribou accepted ≤50% of the available biomass as food.  Shrub-dominated alpine 
communities, particularly willow-dominated (rather than birch-dominated) sites, were the 
most valuable summer habitats, based on availability of accepted biomass.  Willow-
dominated alpine sites were uncommon in our study area, so free-ranging caribou must move 
between alpine-subalpine habitats and productive mid- to high-elevation spruce-fir forests for 
the best foraging opportunities in the mountains.  Such movement patterns would allow 
caribou to use dry, windswept alpine sites of relatively low summer forage value for calving 
and relief from insects, and to access a more productive forage base in nearby habitats 
(Gustine et al. 2006).  Multiscale habitat selection by northern ecotype caribou presumably 
allows caribou to balance nutritional demands and predation risk (Gustine et al. 2006; 
Gustine and Parker 2008).  The success of this strategy ultimately depends on the distribution 
and abundance of high-quality foraging habitats and habitats offering low risk of predation. 
Boreal PNV communities on average were less productive than alpine or montane 
communities.  Boreal black spruce upland sites were the least productive communities we 
sampled, with very low levels of total and accepted biomass.  Bog-fen black spruce 
communities had greater available biomass of terrestrial lichens and these sites often had low 
quantities of other accepted forages.  Treed rich fens and white spruce communities provided 
more deciduous shrubs and proportionately more accepted biomass than other boreal 
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communities.  Free-ranging boreal caribou select unproductive habitats (i.e., black spruce 
types) and habitats close to productive forests (i.e., white spruce types), presumably using the 
former as refugia from predators and the latter for foraging (Demars et al. 2012; Wilson and 
Demars 2015).  Our measures of accepted biomass support the assumptions of Wilson and 
Demars (2015) regarding the relative forage values of these different habitats.  As in the 
mountains, caribou in the boreal likely must move among plant communities to balance 
nutritional demands and predation risk, but further assessment of forage-predation 
interactions in both ecosystems is needed. 
We transported the tame caribou to PNV communities available to wild caribou with 
the intention of quantifying and comparing foraging values of summer habitats.  We were 
limited to areas with road access, but these sites were representative of alpine, montane, and 
boreal plant communities in northeastern BC.  The data would have been inherently biased 
and unable to provide the detail necessary to understand how accepted forage availability 
differs among habitat types had we excluded areas thought to be avoided by wild caribou 
(e.g., clearcuts; Chubbs et al. 1993).  The tame caribou exhibited remarkably consistent 
selection patterns within and among PNV communities, despite marked variation in plant 
composition and despite using animals with varying nutritional requirements (e.g., lactating 
females versus non-lactating females).  Though encounter rate of novel plants may have been 
high at the start of the study, our caribou quickly gained experience with native forages 
equating to thousands of hours of foraging experience over the three years of this research.  
Had caribou not been knowledgeable about their food choices, we would not have been able 
to identify consistent selection and avoidance of species because electivity scores would have 
been highly variable. 
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Given the consistency among individuals and between wild and tame animals 
foraging on similar landscapes (Bergerud and Nolan 1970; Olson-Rutz and Urness 1987; 
Spalinger et al. 1997), the data presented here provide an index of the foods that wild caribou 
select within the predominant PNV communities of northeastern BC.  Although diet 
composition data alone cannot be used to evaluate the nutritional value of a habitat or 
landscape to foraging caribou, understanding what portion of the available biomass can be 
considered ‘food’ provides the necessary first step.  The tame caribou defined what is 
accepted as ‘food’ in each plant community sampled, allowing us to assess variability in the 
forage base.  Accepted biomass and similar forager-defined metrics have the potential to 
generate biologically informative caribou-habitat relationships, as they have been related to 
intake rates and to diet quality in multiple ungulate species (White and Trudell 1980; 
Wickstrom et al. 1984; Rominger et al. 1996; Cook et al. 2016).  These studies, along with 
our own, demonstrate the need for biologically sensitive indicators to assess suitability of 
habitats for foraging (Searle et al. 2007).  Measurements of total forage or use of surrogate 
forage variables, such as stem density, per-capita old growth forest, land-cover type, or 
lichen availability (Rettie and Messier 2000; Wittmer et al. 2005; Metsaranta and Mallory 
2007; Pinard et al. 2012; McLellan et al. 2012), are not able to discriminate between accepted 
and avoided forage biomass. 
Our findings show that habitats with an abundance of palatable deciduous shrubs and 
a diverse understory of selected forbs, lichens, and mushrooms provide optimal summer 
foraging opportunities for caribou.  In documenting the summer forage base, our research 
additionally generates novel opportunities to examine animal-habitat relationships in future 
research.  Future work may be able to link animal behaviour to changes in the summer forage 
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base.  Furthermore, these data set the stage to examine trade-offs in habitat selection, when 
caribou must balance acquisition of food with predation, insect harassment, and other 
impediments to foraging.
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CHAPTER 3: FORAGING STRATEGIES OF CARIBOU ACROSS A 
HETEROGENEOUS FORAGE BASE DURING SUMMER 
Abstract 
Relationships between foragers and their food supplies are fundamental to ungulate ecology 
because food intake affects individual performance (e.g., survival, growth, reproduction) and 
population productivity (e.g., numbers, recruitment, growth).  Yet for woodland caribou 
(Rangifer tarandus caribou Gmelin, 1788), populations of which are declining throughout 
their range, such relationships have not received much research attention.  Our goals were to: 
(i) describe foraging responses of caribou, specifically the relationships between bite rate, 
bite size, and travel rate and their influence on intake rates; (ii) determine the influence of 
nutritional class (i.e., groups of animals with different nutritional requirements — lactating, 
non-lactating, yearling) on foraging dynamics; (iii) assess how the quantity of available food 
(i.e., accepted biomass — species used in proportion to or greater than their availability) 
affects each of the foraging responses; and (iv) identify constraints to intake that may 
contribute to nutritional limitations.  We documented foraging responses of tame caribou in 
the mountains and boreal forests of northeastern British Columbia (BC) in relation to 
variable food supplies across a diverse range of plant communities.  These plant communities 
are home to northern and boreal ecotypes of woodland caribou that are listed under Canada’s 
Species at Risk Act as ‘special concern’ and ‘threatened’, respectively.  Foraging caribou 
achieved higher per-minute intakes when they were able to obtain larger bites, travel less, 
and when they had access to higher quantities of accepted forage biomass.  Foraging 
responses followed the same patterns (e.g., linear increase, non-linear decrease) across all 
three nutritional classes of caribou.  Lactating and yearling caribou, however, typically 
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foraged longer and achieved higher intake rates than non-lactating caribou that had lower 
nutritional requirements.  As highly selective foragers, caribou were limited by available 
forages, which influenced bite size and intake rates.  As a result they were not able to 
compensate for small bite masses or low quantities of accepted biomass by increasing bite 
rate or daily foraging time.  When average bite mass was small and accepted biomass low, 
intake rates by caribou were likely too low to satisfy intake requirements during summer.  
Our results suggest intake rates by caribou are influenced by bite rate, bite size, and accepted 
biomass, and that in boreal and montane plant communities of western Canada during 
summer, intake is constrained by (i) small bite sizes (because associated increases in bite rate 
are not compensatory); (ii) low quantities of accepted biomass; and (iii) ultimately, by forage 
selection.  Our findings contribute to a better understanding of the foraging strategies of 
declining caribou populations. 
Introduction 
Food intake is a primary determinant of energy and protein balances in ungulates (Fancy 
1986; Minson and Wilson 1994; Barboza and Parker 2005).  Individual performance (e.g., 
growth, reproduction, survival) is largely determined by these energy and protein balances, 
which can scale up to influence population growth through effects on recruitment and 
survival (White 1983).  Acquisition of food (to meet nutritional demands) even motivates 
large-scale, ecological processes such as seasonal movements, distributions, and habitat 
selection (White and Trudell 1980; Short 1985; Bergman et al. 2000; Hobbs et al. 2003; 
Briand et al. 2009; Massé and Côté 2012).  Given its broad influences, food intake is 
fundamental to ungulate ecology).  Understanding the factors that influence food intake and 
how intake changes in response to variation in food supplies — the functional response 
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(Solomon 1949) — are necessary prerequisites for assessing food limitations of wild 
herbivores (Short 1985).  Neither food supplies nor intake have been quantified directly for 
many free-ranging ungulates, but see Denryter et al. (2017; Chapter 2).  Knowledge gaps in 
the foraging ecology of species like woodland caribou (populations of which may be headed 
toward extinction; Johnson et al. 2015) may undermine conservation efforts and recovery 
planning. 
Foraging by ungulates is a hierarchical process driven by heterogeneity of plant 
communities (particularly the distribution; spatial arrangement; quantity and quality of 
acceptable forage resources) and by trade-offs with predation risk, competition, and other 
factors that detract from foraging (Senft et al. 1987; Bailey et al. 1996; Searle et al. 2007).  
At coarse scales, animals respond to resource heterogeneity and interactions with other 
factors by selecting where to forage (e.g., patch, feeding station).  From available vegetation 
within patches or at feeding stations, animals select diets of acceptable forages, presumably 
selecting to maximize nutrient intake and minimize ingestion of plant secondary metabolites 
(e.g., Schwartz et al. 1980; Hanley 1982; Cook et al. 2016).  At very fine scales, animals 
select bites from acceptable forages (Senft et al. 1987; Bailey et al. 1996); the quantity and 
size of those bites per unit time determine intakes.  Typically, larger bite sizes and higher 
quality forages (as indexed by lower fiber content) result in higher intake rates (Shipley and 
Spalinger 1992).  Higher bite rates can also increase intake rates.  Studies of fine-scale 
foraging dynamics help explain interactions between ungulate foragers and their habitats 
(Trudell and White 1981; Wickstrom et al. 1984; Rominger et al. 1996; Shipley 2007) and 
elucidate how foragers respond to variation in resources by altering foraging responses (e.g., 
bite rate, bite mass, travel rate) to affect intake rates. 
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Often, as a function of increasing forage availability, intake rates increase 
asymptotically to a plateau, as in a Type II functional response (e.g., Wickstrom et al. 1984; 
Shipley and Spalinger 1992).  The forage biomass associated with this plateau in intake is 
considered adequate to maximize intake, whereas lower forage quantities constrain intake 
(Shipley 2007).  When handling time (i.e., mastication during a foraging bout) is negligible, a 
Type I functional response can arise, in which intake increases linearly.  In Type I functional 
responses, a plateau in intake is not apparent (e.g., Trudell and White 1981; Short 1985; 
Owen-Smith 1994; Rominger et al. 1996; Ulappa 2015).  Intake, however, will reach a 
maximum rate at some quantity of forage availability in a Type I response.  The type of 
functional response observed depends on the mechanism(s) regulating intake, the range of 
conditions sampled, and potentially the plant community being sampled (Spalinger and 
Hobbs 1992). 
Forage resources influence ungulate populations throughout the year (Parker et al. 
1999), but many of the life-history processes of north-temperate ungulates, like caribou, are 
tied to summer range conditions.  Caribou (Rangifer tarandus L., 1758) evolved a breeding 
cycle that synchronized the timing of peak nutritional demands with maximum quality and 
abundance of forage (Klein 1970; Kerby and Post 2013).  During summer, individuals must 
replenish body reserves of fat and protein for breeding and overwinter survival (Parker et al. 
1999; Cook et al. 2004; Hurley et al. 2014).  Lactating females incur additional costs to 
support calves; both calves and yearlings have high nutritional requirements for continued 
growth during summer (National Research Council 2007).  Acquisition of food and 
assimilation of nutrients during summer both influence individual performance and fitness 
through these nutritional pathways (Trudell and White 1981; Gerhart et al. 1997; Testa and 
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Adams 1998; Keech et al. 2000; Pettorelli et al. 2005).  Effects of summer food supplies on 
individuals can scale up to influence population productivity and population dynamics of 
tundra-dwelling caribou herds (R. t. granti Allen, 1902; R. t. groenlandicus Borowski, 1780) 
(Crête and Huot 1993; Post and Klein 1999; Kerby and Post 2013).  To our knowledge, there 
have been no comparable studies examining the nutritional ecology of woodland caribou 
during summer. 
The collection of systematic foraging observations on wild animals is logistically 
challenging and usually not feasible.  This is especially applicable to caribou in British 
Columbia (BC) that traverse long distances across topographically variable terrain and use 
habitats with low visibility.  Food selection, diet composition, and foraging efficiencies of 
tame animals are indistinguishable from their wild counterparts (Olson-Rutz and Urness 
1987; Spalinger et al. 1997).  Because tame animals are a suitable alternative to wild animals, 
they provide the opportunity for detailed observations that are unparalleled by other 
techniques employed in foraging studies.  Tame animals have been used to quantify foraging 
dynamics and answer habitat-related questions in arctic, boreal, coastal, and mountain 
habitats (Bergerud and Nolan 1970; Trudell and White 1981; Wickstrom et al. 1984; Parker 
et al. 1999; Cook et al. 2016). 
As part of a larger study to understand the nutritional ecology of woodland caribou 
during summer, we quantified foraging dynamics of tame, female caribou of three nutritional 
classes (groups of animals with different nutritional requirements — lactating, non-lactating, 
and yearling) in the mountains and boreal forests of northeastern BC.  Here, two ecotypes of 
woodland caribou, northern and boreal, are currently listed as ‘special concern’ and 
‘threatened’ (Environment Canada 2012; Committee on the Status of Endangered Wildlife in 
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Canada 2014).  Specifically, we wanted to know how foraging dynamics of caribou varied 
across a heterogeneous forage base and how these variables were interrelated.  Our objectives 
were to: (i) assess foraging dynamics of caribou by evaluating relationships between intake 
rates and bite rate, average bite size, travel rate, foraging time, and accepted biomass (i.e., 
biomass of plant species that caribou use in proportion to or greater than their availability); 
(ii) determine the influence of nutritional class on foraging dynamics of caribou; and (iii) 
determine the minimum bite size and accepted biomass needed for caribou to satisfy daily 
intake requirements on average in plant communities of northeastern BC.  We expected 
intake rates to increase with increasing average bite size and accepted biomass.  We also 
expected foraging responses (e.g., bite rate, foraging time, intake rate) to vary among 
nutritional classes relative to differences in nutritional requirements (i.e., higher requirements 
for lactating animals and growing yearlings than non-lactating adults).  We also examined the 
influence of two forage classes on per-minute intake rates of caribou: deciduous shrubs 
(because they comprise a large proportion of caribou diets during summer; Denryter et al. 
2017; Chapter 2) and lichens (because they are often considered to be a primary forage for 
caribou; Edwards et al. 1960; Johnson et al. 2000; Terry et al. 2000; Thompson et al. 2014). 
Methods 
We selected sample sites within ranges of three boreal caribou herds (Chinchaga, Prophet, 
and Snake-Sahtaneh) in boreal forests and six extant or extirpated northern caribou herds 
(Graham, Pink Mountain, Kennedy Siding, Quintette, Narraway, and (extirpated) Burnt Pine) 
in montane forests and alpine plant communities in the Peace Region of northeastern BC (see 
Chapter 2, Fig. 2.1).  The study area spanned north–south from the Fort Nelson River (58° N) 
to Brazion Creek (52° N), and extended east–west from the Alberta border to the Rocky 
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Mountain foothills (east of the Williston Reservoir).  In the boreal forest, we sampled plant 
communities in the Boreal White and Black Spruce (Picea glauca (Moench) Voss and Picea 
mariana (Mill.) Britton, Sterns & Poggenb.); BWBS) biogeoclimatic ecological classification 
(BEC) zone.  In the mountains, we sampled spruce (Picea spp. A Dietr.) forests in Sub-
Boreal Spruce (SBS) and Engelmann Spruce-Subalpine Fir (ESSF; P. engelmannii Parry ex 
Engelm. x glauca-Abies lasiocarpa (Hook.) Nutt) zones.  In alpine communities in the 
Spruce-Willow-Birch (SWB; Picea–Salix L.–Betula L.) and Alpine Tundra (AT) zones, we 
sampled willow-dominated, birch-dominated, and dry (windswept) alpine sites, which 
represent a gradient of high to low primary productivity (and moisture).  Descriptions of 
forest and alpine plant communities are provided in Chapter 2 (in which willow and birch 
alpine are combined as ‘shrub alpine’). 
Tame Animal Training 
Most of the caribou we used were hand-raised at the Robert G. White Large Animal 
Research Station at the University of Alaska, Fairbanks in 2009, as part of a multi-phase 
nutritional ecology study (Parker and Barboza 2013).  In April 2013 these caribou were 
transferred to a National Council for Air and Stream Improvement (NCASI) research facility 
near Fort St. John, BC.  For foraging studies, we used the most tractable female caribou.  We 
aimed to use lactating females only, but not all females bred in every year.  In 2013, all 
caribou used for sampling were lactating adults (four-year olds).  In 2014 we used a 
combination of lactating and non-lactating adults (five-year olds) and yearling animals.  In 
2015, we primarily used non-lactating adults (six- and two-year olds), but included one 
lactating animal. 
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Caribou remained at the research facility when they were not being used in field 
trials.  At the NCASI facility, caribou had ad libitum access to water and a high-quality 
pelleted ration developed specifically for caribou (Barboza and Parker 2006; Parker and 
Barboza 2013).  Caribou also had access to (or were supplemented with) a variety of native 
forbs, shrubs, graminoids, and mushrooms (Chapter 2).  We continually habituated caribou to 
human presence, so they would allow observers to remain in close proximity (<1 m away) 
during data collection.  We trained caribou to load and be transported in a stock trailer from 
the research facility to field sites.  When present, calves were also trained and transported 
with their mothers.  All protocols were approved by the University of Northern British 
Columbia Animal Care and Use Committee (Protocol Number 2013-9). 
Vegetation Sampling and Foraging Trials with Caribou 
We sampled across successional and ecological gradients of the predominant plant 
communities in northeastern BC to encompass a wide range of vegetation and foraging 
conditions.  To estimate biomass available to caribou, we clipped current annual growth of 
vascular plants, all lichens, and the previous year’s growth of non-deciduous vascular plants, 
up to 2-m height at each site as described in Chapter 2.  We separated all plant samples by 
species (or genus if species was indeterminable) and oven-dried samples to a constant mass 
to estimate the quantity of available biomass at each site.  Previously, we paired available 
biomass with dry matter intake to assess forage selection to quantify the amount of food 
available to caribou (i.e., accepted biomass; Chapter 2). 
Upon completion of vegetation sampling, we constructed temporary enclosures at 
each site (as described in Chapter 2).  In an effort to minimize any influence of enclosure size 
on foraging by caribou, we adjusted enclosure size (0.15–1.75 ha) in response to available 
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understory biomass at each site.  When biomass was low, we used larger enclosures to 
prevent effects of herbivory and forage depletion on our observations of foraging by caribou; 
when biomass was more abundant, we built smaller enclosures.  Enclosures were built to be 
large enough that caribou would consume ≤5% of available biomass during their time in the 
enclosure.  At the beginning of the study, we intended for all enclosures to hold adult caribou 
(and any calves) for 48 h plus habituation time; however, some plant communities had so 
little forage that it was logistically impossible to build enclosures large enough to hold 
caribou for >12–24 h.  We also moved caribou from enclosures in <12 h if there were any 
safety concerns (e.g., predators, risk of being snowed in). 
We commenced foraging observations in July each year, coinciding with a decline in 
insects (because severe insect harassment alters or even terminates caribou feeding; Trudell 
and White 1981; Boertje 1985; Toupin et al. 1996; personal observation, this study), and 
when calves were large enough (≥4 weeks old) to be safely transported with their mothers in 
the stock trailer.  Immediately after unloading at a site, animals always began foraging and 
exploring.  We allowed caribou time to habituate to each site (as described in Chapter 2) — 
to learn the locations of preferred forages and gain exposure to novel forages (although 
animals gained exposure to a majority of forage species early in the study).  At each site 
caribou fed entirely on native forages available within the enclosure; we provided water, but 
no supplemental food.  After completing data collection at a particular site, we used a limited 
amount of pelleted food (<0.5 kg/adult) to entice caribou to load into the stock trailer for 
transport to subsequent sites. 
Two observers conducted foraging trials simultaneously on two separate groups of 
caribou (usually n = 4 adults plus associated calves per site) at two adjacent sites, using 
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continuous, direct observations of focal animals.  At each site we collected four foraging 
trials per focal animal per day, split as two foraging trials in the morning (0500–1100 h; each 
20 min), one in the afternoon (1100–1700 h; 15 min), and one in the evening (1700–2000 h; 
20 min) for a total of 75 min per caribou per day.  We adjusted start times to match ambient 
light conditions across the season (late July–early October) so observers could identify 
species consumed by caribou. 
During foraging trials, we recorded every bite that focal caribou consumed by plant 
species using handheld audio recorders.  On the rare (<1% of all bites) occasion when plants 
could not be identified to genus or species, we recorded bites to plant growth form or as 
unknown species.  To determine travel rates, we counted caribou steps and estimated 
approximately one step per 0.5 m to calculate distance travelled.  Not all of the 15–20 min 
foraging trials were continuous and we used a 3-min rule (Cook et al. 2016) to determine 
when to terminate foraging trials.  We terminated trials if caribou stopped foraging 
continuously (i.e., did not consume any bites) for 3 min.  If during a foraging trial a caribou 
stopped foraging (e.g., displayed vigilance behaviour, allowed a calf to nurse), but then 
resumed foraging in <3 min, we continued data collection.  If a partial trial was collected (>3 
min) and the caribou stopped foraging, we saved that data, started a new trial with a new 
animal, then resumed data collection on the partial foraging trial when the original caribou 
resumed foraging.  For partial trials, we only kept data on foraging observations of >3 min.  
If caribou behaviour was intermittently abnormal in response to environmental conditions 
(e.g., extreme heat, insect harassment) or other temporary disturbances, we postponed 
collection of foraging trials until caribou resumed normal feeding behaviour.  If animals were 
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disturbed for extended periods of time such that there was a noticeable effect on daily 
foraging time, we did not use those data to calculate daily intake. 
After completing foraging observations, we collected 10–20 representative bite 
masses for species comprising the top ~90% of the diet to estimate forage intakes for all 
animals at each site (see Chapter 4).  Bite masses were based on direct observations of how 
caribou handled and consumed each species at each site (Wallmo and Neff 1970; Boertje 
1984; Rominger et al. 1996) and mimicked the size of bite taken and the plant part 
consumed.  When individual caribou consumed bites of the same plant species differently 
(i.e., biting seed heads versus leaves of grass), we collected separate bite mass samples to 
reflect those differences.  We dried samples to a constant mass in an industrial drier, and 
divided this dry mass by the number of bites collected to determine the average dry matter 
mass of a bite of each species consumed by caribou at each site.  We also collected additional 
bite mass samples for species that were consumed, but not included in the top 90% of the 
diet.  Unknown bites were assigned the mean bite mass value; plants recorded as ‘unknown 
deciduous shrub’ or ‘unknown forb’ were assigned the mean bite mass value of all deciduous 
shrubs or all forbs respectively.  We calculated (per-minute) dry matter intake as the product 
of bite rate (per min) and bite mass, divided by the length (in min) of the foraging trial.  For 
each caribou, we averaged the per-minute intake of all of their trials (up to eight per caribou 
per site) to determine mean per-minute intake rate at each site.  We refer to all intakes and 
intake rates on a dry-matter basis. 
For each individual, we determined an animal-specific average bite size.  This 
allowed us to ascertain whether individuals chose relatively larger or smaller bites as a 
product of their diet selection and bite rate at a given site.  We differentiate between bite 
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mass, as the mass of a bite of a forage species, and average bite size, as the mean mass of 
bites consumed by caribou.  We calculated average bite size as shown in Equation 1, where x 
is a given site, i represents a given species consumed at that site, and j is the individual 
animal.  Total bites per site were the sum of the number of bites from all foraging trials for 
each animal-site combination. 
(1)         Average bite size = 
∑𝑖=1
n (bitesanimal𝑗 species𝑖 site𝑥 ×bite massspecies𝑖 site𝑥)
(total bites in site𝑥for animal𝑗)
 
In addition to foraging observations, we also collected activity observations to 
estimate daily foraging time.  We used a combination of visual observations of activity and 
automated activity recorders (Mini-Mitter® model AW64, Mini-Mitter Co., Bend, Oregon, 
USA).  During daylight hours, we recorded activity at 1-min intervals whenever possible, 
while Mini-Mitters attached to caribou collars recorded motion data at 2-min intervals, 
24 h ● day-1.  We used visual observations of activity to classify Mini-Mitter data as inactive, 
foraging, or hyperactive.  This process is detailed in Appendix B and briefly described by 
Cook et al. (2016).  Foraging behaviour included feeding (cropping and ingestion), handling, 
and searching for food.  Once we determined foraging time for each individual at each site, 
we estimated daily intake as the product of foraging time and per-minute intake of dry 
matter. 
Statistical Analyses 
All statistical analyses were conducted using STATA 14 (StataCorp 2016) and we set 
α = 0.05 for all tests of significance.  Because we had two observers collecting foraging 
observations and bite masses, we tested for potential observer bias in estimating bite mass 
with inter-rater comparisons (Kruskal-Wallis) and regression analyses (detailed in Appendix 
C).  For each species consumed by caribou, we calculated the mean bite mass and the 
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coefficient of variation.  These values are used to describe variability in bite masses across 
species and variability for the same species collected at different locations, with implications 
to per-minute and daily intake rates. 
To assess foraging responses (e.g., bite sizes, intake rates) of caribou, we used 
multilevel, mixed-effects regression, hereafter called multilevel models.  Multilevel models 
accounted for repeated measures on the same individual, individual variation, and for 
individuals changing nutritional class among years.  Multilevel models also handled 
imbalances in our dataset and partitioned variance components.  These models allowed us to 
assess the influence of nutritional class (lactating, non-lactating, yearling), which was a 
categorical covariate in all models of caribou foraging responses.  To determine significance 
of nutritional class across all variables in the model, we varied the reference category for 
nutritional class.  For example, we ran a model using lactating caribou as the reference 
category and if P < 0.05 for non-lactating or yearling caribou, they were determined to be 
significantly different from lactating caribou.  We then ran the same model again, changing 
the reference category to non-lactating caribou, which allowed us to compare non-lactating 
and yearling caribou.  Individual animals were tracked through the analysis using random 
intercepts for each animal.  Animals that changed nutritional class across years of the study 
were considered different animals.  For example, animal D1 was used in three years of the 
study.  The first year she was lactating (D1–lactating).  In years two and three she was not 
lactating (D1–non-lactating) and thus was considered to be two animals in this analysis. 
We first assessed the influence of accepted biomass on bite rate and bite size (the two 
components of per-minute intake of dry matter (g ● min-1)).  Not all vegetation is accepted as 
food and thus, may obscure the detection of foraging responses, which is why we used 
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accepted biomass rather than total biomass (Denryter et al. 2017; Chapter 2).  We then 
determined the influence of bite rate, bite size, and accepted biomass on per-minute intake 
rates, as well as bite size and accepted biomass on daily intake rates.  All linear multilevel 
models for foraging responses and foraging time were fit with XTMIXED in STATA 14 
(StataCorp 2016).  For linear multilevel models, we determined if there was support for a 
random slope in addition to a random intercept using Akaike’s Information Criterion 
corrected for small sample size (AICC; Burnham and Anderson 2002).  The only intake 
model that included a random slope and random intercept was average bite size.  
Additionally, to assess whether bite rate or bite size better explained intake, we compared 
those models of intake using AICC.  We also calculated Pearson’s correlation coefficient to 
assess the association between per-minute dry matter intake and daily dry matter intake (g ● 
day-1), the latter scale allowing for animal adjustments to daily foraging time. 
We fit non-linear relationships for bite size and bite rate; travel rate and accepted 
biomass; per-minute intake rate and travel rate; and per-minute intake rate as a function of 
the proportion of deciduous shrubs or lichens in caribou diets using mixed-effects 
generalized linear models (MEGLM) with a gamma link (because of nonlinearities in the 
data).  Bite rate and travel rate were not collected at a daily time scale and thus, were not 
used in models of daily intake. 
Evaluating Limitations to Intake 
We estimated the quantity of accepted biomass and minimum bite size needed for caribou to 
achieve per-minute intakes that satisfy the daily intake requirements for metabolizable 
energy (ME) and metabolizable protein (MP), which are useful in comparing foraging values 
of habitats.  We fit separate models for lactating and non-lactating caribou with per-minute 
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intake as a function of accepted biomass or average bite size.  We assumed that regression 
lines produced from each model represented the average intake response of an average 
caribou in a given nutritional class.  To evaluate limitations to intake we assumed: (i) the 
average (adult) caribou weighed 110 kg; (ii) a lactating female of this size required 41,422 kJ 
ME ● day-1 and 338 g ● day-1 MP at peak lactation, whereas the same size non-lactating 
female required 24,686 kJ ME ● day-1 and 147 g ● day-1 MP (National Research Council 
2007: Table 15-9); (iii) lactating caribou allocated an average of 13.7 h ● day-1 to foraging 
and non-lactating caribou allocated 11.8 h ● day-1 to foraging; and (iv) caribou consumed a 
diet averaging ~9.9 kJ (ME) ● g-1 (calculated by multiplying dietary digestible energy (see 
Chapter 4) by a conversion factor of 0.82; National Research Council 2007) and 6.9 g ● 100 
g-1 MP (Chapter 4; estimated using the relation between crude protein (CP) and 
metabolizable protein for Rangifer in National Research Council 2007: Table 15-9, CP = MP 
* 1.43).  Based on our assumptions, on average lactating caribou must obtain ≥5.1 g ● min-1 
to satisfy daily ME requirements and ≥6.0 g ● min-1 to satisfy MP requirements; non-
lactating caribou require ≥3.5 g ● min-1 and ≥3.0 g ● min-1 for daily ME and MP 
requirements, respectively (Appendix E: Table E.1).  We substituted these values into the 
regression equations and solved for x (accepted biomass or minimum bite size).  We 
recognize that nutritional demands for milk production decline significantly over summer 
(White and Luick 1984; Parker et al. 1990; Gjøstein et al. 2004; White et al. 2014), and thus 
that our assumptions only cover the most nutritionally demanding time of year. 
Results 
We collected ~942 h of foraging observations, ~1,260 bite mass samples, and ~1,682 animal-
hours of activity observations.  We excluded: (i) forage classes with small sample sizes (i.e., 
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ferns n = 2, club mosses n = 1) from bite mass analyses; (ii) animals used at less than five 
sites from analyses of foraging responses; and (iii) data from animals in enclosures where 
behaviour was documented to be abnormal and thus foraging responses may not have been 
reliable estimates of nutritional value.  After averaging data from foraging trials for each 
individual (to obtain one observation per animal at each site), we conducted analyses of per-
minute intake using 486 observations on 21 animals (ranging from 8–47 observations per 
animal).  These included n = 226, 198, and 62 (lactating, non-lactating, yearling) caribou 
observations for per-minute intake.  Four animals changed between the lactating and non-
lactating nutritional class, and three animals changed from yearling to non-lactating.  Within 
alpine communities we had n = 63 observations at dry sites, n = 29 at birch-dominated sites, 
and n = 15 at willow-dominated alpine sites.  In forests, there were n = 113 observations at 
high-elevation spruce-fir sites, n = 96 at mid-elevation spruce-fir sites, n = 54 at boreal black 
spruce sites, n = 24 at boreal treed rich fen sites, and n = 79 at boreal white spruce sites.  We 
determined daily activity budgets for all caribou in 2013, but because some activity recorders 
malfunctioned, we were only able to determine daily activity budgets for eight of ten caribou 
used in 2014 and nine of ten caribou in 2015.  These observations for daily intake were from 
n = 219, 127, and 55 lactating, non-lactating, and yearling caribou.  Hence, for analyses of 
daily intake and foraging time we used a total of 401 (6–44 observations per animal) 
observations. 
Bite-mass estimates were very similar between observers (i.e., difference of ~0.03 g 
in bite mass across all observations; Appendix C).  Bite masses of species consumed by 
caribou were highly variable within and among forage classes (Fig. 3.1, Appendix D).  The 
greatest range in bite masses for a forage class was documented for mushrooms, which also  
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Figure 3.1.  Mean (± SD) bite masses (g dry mass) of forage classes consumed by caribou between 
July and October (2013–2015) in northeastern British Columbia.  Graminoid (other) refers to sedges, 
rushes, and horsetails.  Summary data for all species are listed in Appendix D. 
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had the highest single bite mass recorded (0.6–2.52 g).  Mushrooms also had the greatest 
average bite mass (x̄ = 0.53 g), which was nearly twice that of deciduous shrubs with the next 
largest mean bite mass among forage classes (x̄ = 0.27 g; Fig. 3.1).  Caribou obtained the 
smallest bite masses on arboreal lichens, terrestrial lichens, and berries of evergreen shrubs 
(x̄ = 0.07, 0.09, 0.09 g, respectively), which averaged approximately one-third the mass of 
bites on deciduous shrubs.  Bite masses for a given species collected at different sites were 
variable as indicated by coefficients of variation that ranged from 19%–137% (when n > 3; 
Appendix D: Table D.1).  Among forage classes, mushrooms and terrestrial lichens had the 
highest coefficients of variation (103% each), and deciduous shrubs had the lowest (49%). 
General Foraging Responses 
Bite rates averaged across the foraging trials for each caribou at each site ranged from 7–46 
bites ● min-1.  Bite rate was not related to accepted biomass (P = 0.258; Fig. 3.2A), but 
declined curvilinearly as bite size increased (P ˂ 0.001; Fig. 3.3A).  Average bite sizes 
ranged from 0.04–0.77 g and increased with increasing quantities of accepted biomass 
(P < 0.001; Fig. 3.2).  Travel rates of caribou varied from 0.62–12.28 m ● min-1 and declined 
as levels of accepted biomass increased (P ˂ 0.001; Fig. 3.4A).  Dry matter intake rates of 
caribou varied more than 12-fold for per-minute intake (0.98–12.3 g ● min-1) and more than 
14-fold for daily intake (666–9,437 g ● day-1).  The relationship between per-minute intake 
rate and bite rate was highly variable (Fig. 3.3B), but the relationship between per-minute 
intake and average bite size was much tighter (Fig. 3.5A).  Average bite size was also a better 
predictor of intake rates than bite rate (∆AICC = 493.98 between top bite mass and bite rate 
models).  Caribou achieved higher per-minute intakes when they obtained larger bites 
(P < 0.001, Fig. 3.5A), had lower travel rates (P < 0.001, Fig. 3.4B), or foraged at higher  
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Figure 3.2.  Influence of accepted biomass on bite rate (A) and average bite size (B) for lactating, 
non-lactating, and yearling caribou during summer across vegetation communities of northeastern 
British Columbia.  Comparisons of nutritional classes were fit using multilevel models, and 
individuals modeled with random intercepts (see text).  
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Figure 3.3.  Bite rate in relation to average bite size (A) and the influence of bite rate on per-minute 
intake rate (B) for lactating, non-lactating, and yearling caribou during summer in vegetation 
communities of northeastern British Columbia, fit using non-linear (with gamma links to describe 
non-linear functions(A)) and linear (B) multilevel models, and individuals modeled with random 
intercepts (see text). 
  
 65 
 
  
 
Figure 3.4.  Travel rates in relation to accepted biomass (A) and the influence of travel rate on per-
minute dry matter intake (B) for lactating, non-lactating, and yearling caribou during summer in 
vegetation communities of northeastern British Columbia, fit using multilevel models with gamma 
links to describe non-linear functions, and individuals modelled with random intercepts (see text). 
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Figure 3.5.  Per-minute (top) and daily (bottom) dry matter intake rates for lactating, non-lactating, 
and yearling caribou in relation to average bite size (A, C) and accepted biomass (B, D) during 
summer in vegetation communities of northeastern British Columbia, fit using multilevel models, and 
individuals modeled with random intercepts (see text).  
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quantities of accepted biomass (range = 11–1,309 kg • ha-1; P < 0.001, Fig. 3.5B).  Daily 
intakes also were higher when mean bite size was larger (P < 0.001, Fig.  3.5C) or accepted 
biomass was higher (P < 0.001, Fig. 3.5D).  Caribou spent less time foraging per day as 
accepted biomass, bite size, and per-minute intake rates increased (Fig. 3.6A, B, C).  Daily 
intake was highly correlated with per-minute intakes of dry matter (r = 0.946, df = 399, 
P < 0.001; Fig. 3.7), so higher per minute intake translated into higher daily intake.  
Increasing the proportion of the diet comprised of forages with larger bite masses, such as 
deciduous shrubs (Fig. 3.1), led to higher per-minute intakes (P < 0.001; Fig. 3.8A) for all 
nutritional classes.  Conversely, dry matter intakes declined with higher proportions of 
lichens (of small bite mass) in diets selected by caribou (P = 0.011; Fig. 3.8B). 
Similarities and Differences among Nutritional Classes  
We observed some similarities and differences in foraging responses among nutritional 
classes of caribou (Table 3.1).  For all nutritional classes, as average bite size increased bite 
rates declined (all P ≤ 0.001; Fig. 3.3A) and per-minute intake rates increased (all P ≤ 0.015; 
Fig. 3.5A).  Bite rates, as a function of bite size, were higher in yearlings than either lactating 
or non-lactating adults (all P < 0.001), but these bite rates were not different between adults 
(P = 0.412; Fig. 3.3A).  Daily intakes differed among all three nutritional classes (all 
P > 0.035 Fig. 3.5C), with yearlings having the highest daily intakes as a function of bite 
size, followed by lactating, and non-lactating caribou.  Of note, however, are potential effects 
of limited sample sizes, as we worked with fewer yearling animals (n = 3) than adult animals 
(n = 10 lactating and 8 non-lactating adults).  In addition, the range in bite sizes recorded for 
trials with yearlings was less than observed for adult caribou (Fig. 3.3A). 
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Figure 3.6.  Daily foraging time of lactating, non-lactating, and yearling caribou as a function of (A) 
accepted biomass, (B) average bite size, and (C) per-minute dry matter intake during summer in 
vegetation communities of northeastern British Columbia, fit using multilevel models, and 
individuals modeled with random intercepts (see text). 
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Figure 3.7.  Relationship (r = 0.946) between daily dry matter intake and per-minute dry matter intake 
by lactating, non-lactating, and yearling caribou during summer in vegetation communities of 
northeastern British Columbia. 
  
 70 
 
 
 
Figure 3.8.  Influence of the proportion of deciduous shrubs (A) and lichens (B) in caribou diets, by 
nutritional class, on per-minute dry matter intake during summer in vegetation communities of 
northeastern British Columbia, fit using multilevel models with gamma links to describe non-linear 
functions, and individuals modeled with random intercepts (see text).  Lines for lactating and yearling 
caribou overlap for per-minute intake as a function of deciduous shrub intake (A).  
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Table 3.1.  Differences in foraging responses among nutritional classes (i.e., lactating, non-lactating, 
yearling) of caribou, as indicated by different letters (from top multilevel models) — within a model, 
nutritional classes sharing a common letter were not different from each other. 
Independent Variable  Response Variable Nutritional Class 
  Lactating Non-lactating Yearling 
Linear models     
     Bite size* DMI† per min a a b 
     Accepted biomass DMI per min a b a 
     Bite size DMI per day a b c 
     Accepted biomass DMI per day a b a 
     DMI per min Foraging time‡ a b a 
     
Non-linear models     
     Bite size Bite Rate§ a a b 
     Travel rate DMI per min a a a 
     Accepted biomass Travel Rate a b b 
     Deciduous shrub intake|| DMI per min a b ab 
     Lichen intake|| DMI per min a b ab 
* average bite size from Equation 1 
† grams dry matter intake 
‡ hours spent foraging per day determined from activity sensors and direct observations 
§ bite rate (number of bites consumed per min) 
|| proportion of total intake 
 
Lactating adults traveled less per minute than caribou in other nutritional classes (all 
P ≤ 0.024; Fig. 3.4), but there were no differences in per-minute intake as a function of travel 
rate among nutritional classes (all P ≥ 0.075, Table 3.1).  As a function of accepted biomass, 
both yearlings and lactating animals had higher per-minute intakes (all P ≤ 0.025; Fig. 3.5B) 
and higher daily intakes than non-lactating caribou (all P ≤ 0.001, Fig. 3.4D).  Both lactating 
(range: 8.1–17.6 h) and yearling (8.8–17.0 h) caribou spent significantly more time foraging 
per day than non-lactating caribou (8.1–15.7 h, all P ≤ 0.001; Fig. 3.6).  Lactating and 
yearling caribou also had higher per-minute intakes as a function of accepted biomass than 
non-lactating caribou (Fig. 3.5B), which contributed to their higher daily intakes.  Lactating 
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caribou had higher intake rates as a function of the proportion of deciduous shrubs or 
accepted lichens in diets than non-lactating caribou (both P < 0.035, Table 3.1). 
Constraints to Intake Relative to Bite Size and Accepted Biomass 
Based on the multilevel models, which included a random slope for bite mass, and our 
assumptions of diet quality, foraging time, and requirements, lactating caribou were more 
constrained by accepted biomass and bite size than non-lactating caribou.  On average, 
lactating caribou required ≥621 kg ● ha-1 and ≥810 kg ● ha-1 to satisfy daily metabolizable 
energy and protein intake requirements, respectively, and non-lactating caribou required 
≥371 kg ● ha-1 and ≥190 kg ● ha-1 (Fig. E.1, Table E.1).  Lactating caribou also required 
higher mean bite sizes to satisfy daily energy and protein requirements (0.28 g and 0.34 g) 
than non-lactating caribou (0.18 g and 0.15 g).  Given that absolute nutritional requirements 
of yearlings are intermediate to lactating and non-lactating animals (National Research 
Council 2007), we assume yearling animals are limited at levels of accepted biomass and bite 
sizes that are intermediate to the two adult classes.  Additionally, requirements of yearling 
animals would vary depending on assumptions of initial body mass and mass gain per day 
(National Research Council 2007). 
Discussion 
Multiple factors influenced intake rates of caribou including bite rate, bite size, travel rate 
and accepted biomass.  Intake rates were higher when caribou obtained larger bites, traveled 
at slower rates (indicating less movement between feeding locations), and had access to 
higher quantities of food.  Bite rate and bite size were inversely related, and even though 
intake rates increased as a function of increasing bite rate, the relationship was not as clear as 
it was for bite size and intake rate.  The foraging responses we observed are consistent with 
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those reported for numerous other ungulates (Wickstrom et al. 1984; Shipley and Spalinger 
1992; Rominger et al. 1996; Cook et al. 2016).  Our results suggest that caribou were flexible 
and adjusted foraging responses to changes in accepted biomass, but in some situations, no 
matter how flexible caribou were, they could not achieve high intake rates. 
Herbivores vary bite size and intake rates in response to the attributes of plant 
communities and forages (Spalinger and Hobbs 1992; Hobbs et al. 2003).  Even at the same 
quantity of accepted biomass, foraging responses could be very different as we observed at 
the only two sites we sampled with equal quantities of accepted biomass (700 kg ● ha-1; a dry 
alpine site (“CH-AB”) near Chetwynd, BC and a young, productive forest site (“FN-Z”) near 
Fort Nelson, BC).  Mean bite sizes of individual caribou were 5–12.5 times higher at the 
forest (range: 0.4–0.5 g; primarily deciduous shrubs) than the alpine site (range: 0.04–0.10 g; 
primarily lichens and berries).  Differences in bite size resulted in up to a 12-fold difference 
in intake rates between the two sites (forest: 8.0–12.3 g ● min-1; alpine: 1.0–2.9 g ● min-1).  
Furthermore, caribou selected diets of similar quality at these sites (see Chapter 4).  By 
comparison, bite sizes ranged from 0.2–0.3 g and intakes ranged from 7.0–8.9 g ● min-1 at a 
productive, willow-dominated alpine site with similar quantities of accepted biomass  
(670 kg ● ha-1) and diet qualities to those sites.  Caribou satisfied daily energy and protein 
intake requirements at the forest and productive alpine sites, but not at the dry alpine site 
even though accepted biomass was equivalent or slightly higher.  These results suggest that 
bite size, which is an emergent property of diet selection (Cook et al. 2016), contributed to 
the low intake rates of caribou at the dry alpine site.  Highly selective foraging behaviour and 
avoidance of most of the available biomass may have precluded caribou from choosing 
avoided species that could afford larger bites (Denryter et al. 2017; Chapter 2), thus 
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contributing to reduced intake rates.  More work is needed to understand relationships 
between attributes of plant communities, in addition to accepted biomass, and intake rates.  
We did not observe an effect of the number of other conspecifics present on intake rates. 
Limitations resulting from bite size have been documented for caribou foraging on 
arboreal lichens in winter in southern BC (Rominger et al. 1996).  Our results and those of 
Rominger et al. (1996) suggest that bite size significantly reduces foraging efficiency when 
lichens, and other forages with small bite masses, are principal dietary items.  Bite size, in 
addition to low protein levels (Boertje 1990; Storeheier et al. 2002), limits the value of 
lichens for caribou during summer.  Bites of some lichens, particularly in dry alpine 
communities, were so small (Table D.1) that caribou would require millions of bites per day 
to satisfy dry matter intake requirements (though protein requirements still may not be met).  
These findings may have significant foraging implications for caribou on dry alpine ranges.  
The small bite sizes of accepted lichens at dry alpine sites probably were not related to the 
number of animals on those ranges because extant foraging conditions in most alpine areas 
we sampled probably have not been influenced much by previous grazing.  Many northern 
ecotype herds that historically occupied some of these ranges have been declining, are 
present at low densities, or have been extirpated.  Additionally, alpine areas are not used to 
any appreciable degree by elk (Cervus elaphus L., 1758), moose (Alces alces L., 1758), or 
deer (Odocoileus hemionus Rafinesque, 1817; Dale Seip, personal communication).  Thus, 
we suspect that the constraints of low accepted biomass and small bite sizes represent a 
nutritional limitation for caribou that occurs even when densities of caribou are low. 
Mushrooms afforded caribou the largest mean bite masses, but their availability was 
unpredictable and depended on climate variables (Büntgen et al. 2012).  Because deciduous 
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shrubs are a more predictable food source and also offer large bite sizes, they may be more 
dependable as a forage for caribou.  Deciduous shrubs are a principal component of summer 
diets (Boertje 1984; Thing 1984; Denryter et al. 2017; Chapter 2) and a source of protein and 
energy for caribou (Klein 1990; Johnstone et al. 2002).  Large bites from deciduous shrubs 
allowed for exponential increases in per-minute intake rates of tame caribou, which also has 
been reported for other cervids (White and Trudell 1980; Wickstrom et al. 1984).  Where 
accepted biomass was low, or was comprised of few deciduous shrubs, the intake rates by 
caribou in our study were low. 
Bite sizes tended to be larger when more accepted biomass was available, but many 
other variables, including quality, attributes of plant communities and plants, and foraging 
decisions of animals (Spalinger and Hobbs 1992; Gross et al. 1993a, 1993b; Hobbs et al. 
2003), interact to affect bite size.  Large mean bite sizes resulted from caribou consuming 
large quantities of species with large bite masses, especially deciduous shrubs, which 
consequently allowed caribou to achieve high intake rates.  Small bite sizes make small, 
sometimes negligible, contributions to intake and when this occurs, increasing bite rate 
cannot compensate for small bite sizes (Spalinger et al. 1988; Spalinger and Hobbs 1992; 
Minson and Wilson 1994; Rominger et al. 1996; Cook et al. 2016).  In our study, caribou 
also could not compensate for low per-minute intakes by increasing foraging time enough to 
satisfy daily intake requirements.  As a result, bite size and per-minute intake were the 
proximate drivers of daily intakes by caribou, within the context of selective foraging. 
We documented high variation in bite masses within plant taxa, among plant 
communities, and across sites.  High variability in bite masses, even for the same species, has 
important implications for studies designed to assess habitat quality because bite masses are 
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the foundation for estimating forage intakes.  For this reason, intakes and diet composition 
should not be estimated without detailed foraging observations as in our study and others 
(Trudell and White 1981; Cook et al. 2016).  An additional ecological implication of bite 
mass is that at sites where biomass is comprised of many small bite mass species (e.g., 
berries, terrestrial lichens), intake rates may be limited. 
Our tame animals exhibited a Type I (linear) functional response relative to accepted 
biomass, with no apparent asymptote.  Linear foraging responses were previously reported 
for Rangifer spp. (C.H. Smith, 1827) on the tundra (White et al. 1975; Trudell and White 
1981).  For caribou, Gross et al. (1993b) predicted an asymptote in processing rate to occur 
between 16.3–16.7 g • min-1 intake (based on controlled arena trials using only one forage 
species).  Presumably, because processing rates represent how much an animal’s mouth can 
process per unit time without having to crop bites, maximum intake rates that include 
cropping would be below this level.  Interestingly, we observed intakes at or above estimated 
maximum processing rates in four of 3,017 foraging trials at three of 135 sites, suggesting 
that processing rates can be even higher than those reported by Gross et al. (1993b).  Mean 
highest intake rates (averaged across foraging trials by caribou within an enclosure) in our 
study, however, were between ~10–12 g • min-1.  Maximum intake rates of reindeer (R. t. 
tarandus L., 1758) and caribou on the tundra were below estimated maximum processing 
rates, but were similar to the highest mean intake rates for caribou in our study (White et al. 
1975; Trudell and White 1981).  Because intake rates of our animals in northeastern BC and 
animals on the tundra were linear and did not level off, the implication is that: (i) asymptotic 
intake occurs at quantities of accepted biomass beyond what we sampled; (ii) the functional 
response is weak or nonexistent in the complex plant communities we sampled; or (iii) 
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factor(s) other than the quantity of accepted biomass are driving the functional response 
(Spalinger and Hobbs 1992; Cook et al. 2016). 
We derived estimates of limits to intake for lactating and non-lactating caribou using 
algebra and the results of linear regressions because we did not observe an asymptote in 
intake.  Based on assumptions of body mass, diet quality, nutritional requirements, and daily 
foraging time, we used regression lines to determine at what accepted biomass and bite size 
caribou achieved those intake rates.  We also recognize that animals have some flexibility in 
foraging responses.  They can adjust foraging time and bite rates, and select diets of different 
quality and bites of different sizes.  This flexibility, however, is limited by rumination time 
and rumen fill constraints, which are greatest on poor-quality diets (Tafaj et al. 2005; White 
et al. 2014).  Animals that forage less or have lower diet qualities would require more 
accepted biomass and larger bite sizes to meet requirements than the means we estimated.  
Likewise, animals that allocate more time to foraging and select higher-quality diets would 
need lower quantities of accepted biomass and lower average bite sizes.  Our estimate of 
accepted biomass needed to meet energy requirements for peak lactation (621 kg ● ha-1) was 
lower than the estimates using total biomass for caribou and reindeer foraging on the tundra 
(700 kg ● ha-1 and ≥ 1,000 kg ● ha-1, respectively; White et al. 1975; Trudell and White 
1981), but for protein requirements for peak lactation our caribou needed 810 kg ● ha-1 of 
accepted biomass.  We used a measure of accepted biomass rather than total biomass and 
sampled different plant communities, which may partially explain these differences.  Some of 
the difference may also be attributable to markedly different plant communities on the tundra 
and in northeastern BC.  To our knowledge, estimates of accepted (or total) biomass needed 
to meet protein requirements of caribou have not been reported.  Bite mass is something that 
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typically cannot be measured without observations on animals, but it is biologically 
important to a forager as it influences their intake rates.  Recognizing that larger bite masses, 
which often are associated with specific forage classes, afford caribou greater intakes is an 
important perspective in assessing forage values within plant communities.  Differences in 
bite mass affect intake even when accepted biomass is comparable across sites. 
The spatial distribution of forages within plant communities varied across the 
landscape (Appendix F: Figs. F.1–F.6).  Lower travel rates were related to the quantity and 
potentially also to the distribution of accepted biomass (White and Trudell 1980).  Because 
herbivores can simultaneously process food and search for bites (Spalinger and Hobbs 1992), 
presumably for a given quantity of accepted biomass, homogeneous distributions would 
result in lower travel rates than heterogeneous distributions where clumps of forage are 
separated and animals spend time traveling between these clumps.  Where forage was more 
abundant and more apparent (e.g., erect deciduous shrubs in many plant communities), travel 
rates of caribou may have been lower because they spent less time searching for forages.  
Travel rates, however, also may be a tool used by foragers to compensate for inadequate 
forage resources (Cook et al. 2016).  When resources are less available or less apparent, 
caribou move greater distances in their search for food, which could result in higher intake 
rates compared to being more stationary foragers.  There were many communities in our 
study area where biomass of avoided species was high and caribou could have traveled little 
if they had chosen to consume avoided species; instead they increased travel rates.  Avoided 
forages may reduce intake rates over a longer time period than a foraging bout because they 
are generally low in digestibility and thus, have slower passage rates in ruminants (Bergerud 
and Russell 1964; Bryant et al. 1991; Sauvé and Côté 2006).  Higher travel rates in those 
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communities were likely a behavioural response that allowed caribou to avoid consuming the 
highly avoided plants that may be low in quality or high in toxins. 
We did not explicitly measure variables such as plant spacing and distribution, search 
time, handling time, or intake of different species growth forms (forbs, lichens), which have 
all been demonstrated to affect intake rates (Trudell and White 1981; Gross et al. 1993a; 
Hobbs et al. 2003) and, therefore, could not account for different mechanisms that influence 
the functional response of caribou (Spalinger and Hobbs 1992; Hobbs et al. 2003).  Although 
accepted biomass (or any measure of biomass) is a measure of density of biomass, it is not 
necessarily a measure of plant spacing.  For example, two sites with identical quantities of 
accepted biomass may have that biomass distributed differently (i.e., one may have very 
small, but dense patches of vegetation interspersed among very sparsely vegetated areas and 
the other may have the same overall density of vegetation distributed more uniformly).  
Travel rates may vary with plant spacing, distribution, and/or search time.  Handling time 
was probably negligible for caribou during foraging trials with two exceptions.  When 
caribou sorted lichens and berries from unwanted vegetation or detritus, the bites they 
obtained on lichens and berries were small given the amount of time spent sorting (handling).  
There was a much greater effect of handling time during autumn at two dry alpine sites 
where caribou consumed large quantities of desiccated mushrooms that were difficult to 
chew and resulted in low per-minute intakes relative to bite size (Fig. 3.4). 
Some variability in foraging responses by caribou in our study may be attributable to 
other factors such as vigilance and nursing.  These factors also affect foraging behaviours of 
wild caribou.  Estimates of intake rates in controlled arena trials (e.g., Gross et al. 1993a, b) 
where disruptions or impediments to foraging are minimized, therefore, may overestimate 
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what animals on wild landscapes are capable of achieving.  We sampled landscapes with 
more heterogeneity and complexity than can be reproduced in arena trials and our animals 
may have experienced more incidental disruptions to foraging than in arena trials.  
Nonetheless the patterns and relationships we documented for foraging responses were 
similar to those determined from controlled experiments (e.g., Spalinger and Hobbs 1992; 
Hobbs et al. 2003). 
This study originally was not designed to assess differences in nutritional classes, but 
patterns in foraging responses were similar across nutritional classes of caribou.  For all 
nutritional classes, bite rates declined as bite size increased, increases in bite size and 
accepted biomass resulted in higher intakes, and increases in travel rates were associated with 
declines in accepted biomass.  Even though the patterns were consistent across nutritional 
classes, there were differences in the magnitude of foraging responses among nutritional 
classes.  Caribou with higher nutritional requirements (e.g., lactating and yearling caribou) 
allocated more time each day to foraging than caribou with lower requirements, similar to 
reports on the tundra (White et al. 1975).  As a result, daily intakes were higher for lactating 
and yearling caribou than non-lactating caribou.  A caveat to these findings (Table 3.1) is that 
there is potential for bias, which could have arisen from our inability to consistently sample 
with animals of different nutritional classes.  The data for lactating and non-lactating caribou 
covered a very similar range in conditions, but animals of all three nutritional classes were 
not sampled at all sites.  Nonetheless, our findings reflect our expectations based on 
nutritional requirements. 
We aimed to collect data only on lactating caribou because they have the highest 
nutritional requirements during summer and are the most nutritionally sensitive animals in a 
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population (National Research Council 2007; Cook et al. 2013).  Lactating caribou have 
elevated nutritional demands to support calf growth and concurrent demands to replenish 
body reserves needed to breed in autumn and survive winter.  Females that do not breed or 
those that lose calves during summer have lower nutritional demands and thus, are not as 
sensitive to nutritional resources as lactating caribou (Gerhart et al. 1997). 
Due to circumstances beyond our control, we were unable to work only with lactating 
animals, which complicated analyses, but generated an opportunity to evaluate how 
nutritional requirements influence foraging responses.  We accounted for repeated measures 
on the same individual, individual variation, and for individuals changing nutritional class 
among years with multilevel models.  Multilevel models also handled imbalances in our 
dataset and partitioned variance components.  These models allowed us to identify 
differences in intake among nutritional classes, with implications to how caribou with 
different nutritional requirements respond to the same forage base. 
Understanding the forage value of summer habitats and how caribou use these 
habitats to satisfy intake requirements has implications for conservation of caribou 
populations.  Observations of tame animals provided the opportunity to assess the foraging 
responses of caribou to a heterogeneous summer forage base and elucidate relationships 
between foraging responses and intake rates.  Small average bite sizes and low levels of 
accepted biomass resulted in low intake rates, and limitations were especially pronounced for 
lactating caribou.  Bite size, as a fine-scale decision that results from selective foraging, was 
also influenced by the quantity of accepted biomass available.  Summer habitats affording 
caribou large bites (from selected species of deciduous shrubs and forbs; see Denryter et al. 
2017; Chapter 2), with moderate to high quantities of accepted biomass and spatially 
 82 
 
concentrated forages, provide caribou the best chance of satisfying intake requirements for 
lactation and calf rearing, juvenile growth, and the accretion of body reserves for breeding 
and overwinter survival.  Caribou should forage where they minimize constraints to intake 
relative to accepted biomass and bite size, but also relative to insect harassment, predation 
risk, and other disturbances that affect foraging behaviours of caribou.  We recommend that 
the interactions with forage quality and its role in determining nutritional balance also be 
examined, particularly with respect to potential limitations in food quantity.
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CHAPTER 4: ENERGY AND PROTEIN CONTENT OF DIETS SELECTED BY 
CARIBOU IN ALPINE, MONTANE, AND BOREAL HABITATS 
Abstract 
Declines in northern and boreal ecotypes of woodland caribou (Rangifer tarandus caribou 
Gmelin, 1788) are largely attributed to industrial development of the landscape and 
associated changes in predator-prey dynamics.  Increasing evidence, however, suggests that 
nutritional resources may place additional constraints on caribou populations.  We used tame 
caribou of three different nutritional classes (lactating, non-lactating, yearling) to quantify 
diet composition and quality in alpine, montane, and boreal plant communities of 
northeastern British Columbia (BC), Canada.  Dietary digestible energy (DDE) and dietary 
digestible protein (DDP) of diets obtained by caribou tended to decline across a summer–
autumn gradient, although DDE did not decline at alpine sites and boreal black spruce 
communities, where lichens made substantial contributions to diet composition.  For alpine 
communities, higher elevation was associated with increased DDP, but not DDE in top 
multilevel models.  Dietary digestible energy was similar among alpine communities, but 
DDP was lowest at dry alpine sites.  For forest communities, greater canopy cover was 
associated with declines in both DDE and DDP.  Both DDE and DDP were lowest at boreal 
black spruce forest communities.  All three nutritional classes of caribou obtained diets of 
similar quality, except in forest communities where lactating females obtained diets with 
higher DDP than non-lactating females.  Mean DDE and DDP in all plant communities were 
below estimated requirements to satisfy peak nutritional demands of lactating caribou.  For 
non-lactating caribou with lower nutritional demands, mean DDE in plant communities also 
was below dietary requirements, and in approximately half the plant communities, mean 
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DDP was insufficient to meet maintenance nutritional demands.  At the levels of DDE and 
DDP reported here, woodland caribou in many plant communities in northeastern BC could 
not satisfy daily intake requirements for digestible energy or protein.  If wild caribou, 
however, are able to achieve higher intake rates and daily foraging times than those assumed 
for estimates of energy and protein requirements, they may be able to satisfy daily intake 
requirements in some plant communities.  It is unlikely, however, that caribou could satisfy 
daily nutritional requirements by altering their foraging responses in all plant communities. 
Introduction 
Woodland caribou are an iconic species of the boreal forests and mountains of Canada, but 
more than 40% of historic caribou habitats in BC have been altered or irreversibly changed 
(Spalding 2000).  As a result, many populations of woodland caribou are vulnerable to 
extinction and are designated as endangered, threatened, or of special concern under 
Canada’s Species at Risk Act (Committee on the Status of Endangered Wildlife in Canada 
2014; Johnson et al. 2015).  In human-modified landscapes across BC, predation has been 
identified as the (primary) proximate factor limiting caribou populations (Wittmer et al. 
2007; McLellan et al. 2012), but predation can mask other limiting or contributing factors 
(Gerhart et al. 1997).  Nutrition was proposed as another limiting factor for woodland caribou 
(Brown et al. 2007) because nutrition influences population dynamics through effects on 
animal performance and herd productivity (e.g., White 1983; Cook et al. 2013; Kerby and 
Post 2013) and can make individuals susceptible to other factors (Bender et al. 2008).  
Regardless, understanding the role of nutrition in the ecology of northern ungulates is 
essential for their conservation (McArt et al. 2009). 
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Both nutritional resources and nutritional demands of northern ungulates follow a 
cyclical, annual pattern.  Forage quality and quantity peak during spring–summer and many 
life-history processes, particularly related to growth and reproduction, are tied to summer 
range conditions (Laycock and Price 1970; Klein 1990; Ouellet et al. 1994; Cook et al. 
2013).  Lactating females have increased nutritional demands for milk production and calf 
rearing during summer (Oftedal 1985; Cook et al. 2004; National Research Council 2007).  
In lactating females, diet quality affects milk production and quality, which influence calf 
growth (Allaye Chan-McLeod et al. 1994; Rönnegård et al. 2002; Cook et al. 2004).  Quality 
of summer diets also affects the growth of yearlings and accretion of body reserves by adults 
(Reimers 1983; Allaye Chan-McLeod et al. 1994; Cook et al. 2004).  Larger juveniles and 
better-condition adults (both influenced by summer range quality; Klein 1970; Torbit et al. 
1985) have higher probabilities of surviving winter (Skogland 1990; Gaillard et al. 1996; 
Cook et al. 2004; Taillon et al. 2005; Dale et al. 2008).  Body reserves acquired on summer 
ranges also influence breeding success in autumn, fetal growth and surviving winter, and calf 
survival in spring (Festa-Bianchet 1988; Adams and Dale 1998; Adams 2005; Parker et al. 
2005; Feder et al. 2008). 
For ungulates in north-temperate ecosystems, digestible energy and digestible protein 
are usually the most limiting nutritional currencies (Verme and Ozoga 1980; Syrjälä-Qvist 
and Salonen 1983; McArt et al. 2009; Parker et al. 2009).  Digestible energy in summer diets 
of ungulates is critical for weight gain, maximizing body size, lactation, depositing fat, and 
for effective utilization of protein for growth and development (Verme and Ozoga 1980; 
Syrjälä-Qvist and Salonen 1983).  Like digestible energy, digestible protein is important for 
milk production and growth of juveniles, as well as lean muscle mass, and protein stores that 
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subsequently enable fetal growth in winter (Allaye Chan-McLeod et al. 1994; Barboza and 
Parker 2008).  Dietary energy and protein available to the animal depend on digestibility of 
forages and can be reduced when the only forage available to the animal is low in 
digestibility.  In ruminants such as caribou, rumination of low-digestibility forages 
effectively competes with daily intake; when ruminants consume low-quality forages, there is 
a cost to foraging time and intake rates because of increased rumination time (White 1983; 
Shipley and Spalinger 1992; Holand 1994).  High-quality diets with higher digestibility have 
faster passage rates and high nutrient uptakes, which can be important in satisfying 
nutritional requirements. 
Studies on forage quality have provided important insights into caribou ecology.  
Early work revealed that distributions of caribou (R. t. granti Allen, 1902) were associated 
with availability of highly digestible forage (White et al. 1975; White and Trudell 1980).  
More recently, climate change has been shown to influence timing, distribution, and quality 
of forages (Post and Klein 1999; Lenart et al. 2002; Post and Forchhammer 2008; Kerby and 
Post 2013).  The changes in plant phenology related to climate change have been associated 
with reduced productivity of some caribou herds (Post and Klein 1999; Kerby and Post 
2013).  Forage quality studies are useful, but have been limited to tundra-dwelling caribou 
and refer to nutrient content of forages in isolation, regardless of dietary contributions.  Many 
studies of forage quality are limited to energy and protein content and may overestimate 
quality available to foragers because some of these ‘high-quality’ plants (in terms of energy 
or protein content) may have high quantities of toxins or other plant secondary compounds 
that render them unpalatable or reduce digestibility (see Denryter et al. 2017; Chapter 2).  
Other studies do not report on energy and protein, but rather report digestibility, which is also 
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of limited value (Côté et al. 1998; Johnstone et al. 2002).  In contrast to forage quality, diet 
quality can be determined from diet samples that proportionately represent the mélange of 
species consumed.  Diet quality typically has not been documented for wild caribou, 
presumably because diet composition is not quantified easily (but see Russell et al. 1993; 
Barten et al. 2001).  The value of quantifying diet quality within specific habitats, however, 
is that it can help determine how animals define their resources, which can then be used to 
map an animal-centric foodscape and link foragers with their habitats (Searle et al. 2007; 
Cook et al. 2016). 
When detailed observations on foraging by wild animals are not logistically feasible, 
tame animals are a useful alternative.  Forage preferences and diet selection of tame animals 
are indistinguishable from their wild counterparts (Bergerud 1972; Olson-Rutz and Urness 
1987; Spalinger et al. 1997).  Tame animals have served as habitat assessment tools in many 
ecosystems and have provided insights into foraging and nutritional ecology of ungulates, as 
well as provided insights into how foragers interact with their habitats (Wickstrom et al. 
1984; Rominger et al. 1996; Parker et al. 1999; Ulappa 2015; Cook et al. 2016). 
As part of a comprehensive study examining the nutritional ecology of caribou during 
summer, we observed foraging by tame caribou of three different nutritional classes 
(lactating, non-lactating, yearling) across the landscape of northeastern BC.  We previously 
quantified the composition of diets of tame caribou based on dry matter intake of species 
consumed (Denryter et al. 2017; Chapter 2).  Here, we report on quality of diets selected by 
caribou in distinct plant communities during summer and early autumn.  We used dietary 
digestible energy (DDE) and dietary digestible protein (DDP) as the nutritional currencies in 
our analyses.  Our objectives were to: (i) quantify levels of DDE and DDP in plant 
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communities available to free-ranging northern and boreal ecotypes of woodland caribou; (ii) 
identify patterns in DDE and DDP across the summer-autumn season; (iii) examine the 
effects of topographic variables or forest attributes on DDE and DDP; (iv) assess the 
influence of nutritional class on DDE and DDP; and (v) determine how dietary proportions of 
lichens and deciduous shrubs influenced DDE and DDP.  We chose lichens because they are 
generally considered a high-energy (albeit low-protein) forage for caribou and we chose 
deciduous shrubs because they are a principal component of summer diets of caribou 
(Boertje 1984, 1990; Denryter et al. 2017; Chapter 2).  We expected that DDE and DDP 
would vary among plant communities because of differences in species availability and diet 
composition, and that DDE and DDP would decline across a summer-autumn gradient, 
coinciding with phenological changes.  Because the species consumed by individual caribou 
were relatively consistent (K. Denryter and R. Cook, unpublished data), we did not expect 
significant differences in diet quality related to nutritional class.  We predicted that 
concentrations of DDE would be greater in diets dominated by lichens than diets dominated 
by deciduous shrubs and that the opposite would be true for DDP. 
Methods 
We collected data in nine potential natural vegetation (PNV) communities available to wild 
caribou in northeastern BC in the summer and early autumns of 2013–2015 (Fig. 4.1).  In the 
boreal forest ((boreal white and black spruce (Picea glauca (Moench) Voss and Picea 
mariana (Mill.) Britton, Sterns & Poggenb. at 347–874 m) biogeoclimatic ecosystem 
classification (BEC) zone (Meidinger and Pojar 1991)), we sampled boreal black spruce; 
BBS), boreal treed rich fen (BTRF; Ducks Unlimited Canada 2014), and boreal white spruce 
(BWS) forests, as well as two wetland sites (one boreal meadow marsh, one shrubby rich  
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Figure 4.1.  Locations of sites where foraging observations were collected on tame caribou during the 
summers and early autumns of 2013–2015 in northeastern British Columbia, relative to ranges of wild 
caribou herds (British Columbia Ministry of Environment - Ecosystems Branch 2015).  Potential 
natural vegetation (PNV) communities included dry alpine (ADry); birch alpine (ABirch); willow 
alpine (AWillow); high-elevation spruce-fir forests (HighSF); mid-elevation spruce-fir forests 
(MidSF); boreal black spruce bogs, nutrient poor fens, and uplands (BBS); boreal treed rich fens 
(BTRF); boreal white spruce (BWS); and a variety of wetland sites (Wetland).  
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fen).  Black or white spruce was the dominant tree species of late-successional boreal forests.  
Black spruce- dominated communities included upland forests and nutrient-poor, treed 
muskegs (i.e., bogs and fens) in the BBS PNV community, as well as nutrient-rich BTRF 
sites (indicated by the presence of tamarack (Larix laricina (Du Roi) K. Koch)).  Nutrient-
poor muskegs and peatlands were characterized by high ground cover of mosses and 
understory vegetation dominated by ericaceous shrubs, especially Labrador tea (Ledum 
groenlandicum Oeder = Rhododendron groenlandicum (Oeder) Kron & Judd) and to a lesser 
extent lingonberry (Vaccinium vitis-idaea L.).  Cloudberry (Rubus chamaemorus L.), three-
leaved false Solomon’s seal (Smilacina trifolia (L.) Desf. synonym for Maianthemum 
racemosum ssp. racemosum (L.) Link), reindeer lichens (Cladina spp. (Nyl.) Nyl. and 
Cladonia spp. P. Browne), and some deciduous shrubs (e.g., willow, Salix spp. L.; birch, 
Betula spp. L.) were available in low abundance at many of these sites.  Understory 
productivity was high in treed rich fens and dominated by dwarf birch (B. glandulosa 
Michx.) or willows.  Understories of BWS were diverse and often had abundant forbs (e.g., 
Aster spp. L., Maianthemum canadense Desf., Mitella nuda L., and to a lesser extent 
Astragalus americanus (Hook.) M.E. Jones and Lathyrus spp. L.), deciduous shrubs (e.g., 
Alnus crispa (Aiton) Pursh synonym for Alnus viridis ssp. crispa (Aiton) Turrill, Betula 
papyrifera Marshall, Rosa acicularis Lindl., Salix spp., Vaccinium spp. L., and Viburnum 
edule (Michx.) Raf.), and some lichens (e.g., Bryoria Brodo & D. Hawkshaw, Cladina, and 
Cladonia spp.).  Trembling aspen (Populus tremuloides Michx.) trees dominated overstories 
of mesic sites of mid-successional BWS communities, whereas lodgepole pine (Pinus 
contorta Douglas ex. Loudon) dominated drier sites.  Aspen-dominated sites were 
characterized by more diverse and productive understories than pine-dominated sites. 
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Forests in the montane part of the study area were in the eastern extent of the Rocky 
Mountains and occurred in the Engelmann spruce-subalpine fir (ESSF; P. glauca × Picea 
engelmannii Parry ex Engelm.-Abies lasiocarpa (Hook.) Nutt.) and sub-boreal spruce (SBS) 
BEC zones (Meidinger and Pojar 1991).  Mid- and high-elevation forests in the mountains 
were distinguished by plant community compositions (as described in Chapter 2: Table 2.1).  
Mid-elevation forests (MidSF) ranged from 836–1,165 m in elevation and subalpine fir, 
lodgepole pine, or spruce (Picea spp. A Dietr.) were the dominant tree species.  Composition 
of overstory and understory species depended on physical geography, microclimate, and seral 
stage of forests.  Common understory vegetation included forbs (e.g., Arnica latifolia Bong; 
Aster spp.; Valeriana sitchensis Bong., Clintonia uniflora (Menzies ex Schult. & Schult. f.) 
Kunth, Linnaea borealis L.) and deciduous shrubs (e.g., Alnus crispa, Salix spp., Betula 
glandulosa).  High-elevation forests (1,127–1,600 m; HighSF) also had fir, pine, or spruce-
dominated overstories, but understory vegetation communities were distinct from mid-
elevation forests.  Dwarf birch dominated high-elevation spruce-fir understories at northern 
sites (near Graham-Laurier and Pink Mountain Provincial Parks), whereas white-flowered 
rhododendron (Rhododendron albiflorum Hook.) dominated understories of sites further 
south (near Pine-Le Moray Provincial Park).  All forest communities varied in understory 
productivity, moisture regime, and successional stage.  We also sampled two montane wet 
meadows that occurred below tree line and were dominated by sedges (Carex spp. L.), asters 
(Aster spp.) and an unidentified, unpalatable species of willow. 
For all sampled forests, we classified successional/seral stage (e.g., regenerating, 
sapling, pole, mature, old-growth trees; J. G. Cook, personal communication) in the field.  
Saplings of early-seral tree species (e.g., aspen, lodgepole pine) dominated early-seral (e.g., 
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regenerating, sapling) sites that had open canopies.  Primary productivity was high at early-
seral sites and included shrubby or herbaceous vegetation.  Climax tree species (e.g., black 
spruce for BBS, white spruce for BWS, white or hybrid spruce (P. engelmannii (Parry ex 
Engelm.) x P. glauca) for MidSF and HighSF) dominated late-seral forests that had closed 
canopies (mean canopy cover ≥50% across all PNV communities).  Late-seral forests 
included mature and old-growth forests.  Mid-seral forests had a mix of early and late-seral 
tree species that occurred in approximately equal proportions. 
Alpine sites in our study area belonged to the spruce-willow-birch (SWB) BEC zone, 
subalpine shrub class, and alpine fellfield, grassland, and heath groups (see Chapter 2).  
Alpine sites were present in the Rocky Mountains at elevations of 1,147–1,859 m and trees 
were absent, except in krummholz patches at tree line.  The most productive alpine sites 
(AWillow) were dominated by erect willows >0.2–1.5 m tall, with a variety of lichens 
(Cladina spp., Cladonia spp., Cetraria islandica (L.) Ach., Flavocetraria cucullata Kärnefelt 
& Thell), forbs (e.g., Artemisia arctica Less. synonym for Artemisia norvegica ssp. saxatilis 
(Besser) H.M. Hall & Clem., Oxytropis spp. D.C., Polemonium caeruleum L.), and grasses 
(e.g., Hierochloe alpina (Sw. ex Willd.) Roem. & Schult), Poa alpina L., Poa arctica R. 
Br.).  Such productive sites were rare in the areas we sampled (only within Pink Mountain 
Provincial Park).  Birch sites (ABirch) were dominated by erect shrubs of dwarf birch (rather 
than willows), but had similar lichen, forb, and grass composition to willow sites.  The 
avoided foam lichen (Stereocaulon paschale (L.) Hoffm.; see Chapter 2) was often abundant 
at birch-dominated sites.  Productivity decreased across a declining moisture gradient, with 
birch being intermediate to willow (wet) and dry sites dominated by grasses or lichens.  Dry 
alpine (ADry) sites typically occurred on windswept ridges and vegetation included dwarf 
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shrubs (<0.2 m tall, e.g., Empetrum nigrum L., Vaccinium vitis-idaea, Arctostaphylos uva-
ursi (L.) Spreng, Salix reticulata L.), grasses (e.g., Festuca spp. L.), some forbs (e.g., 
Astragalus spp. L.), and lichens common to other alpine sites.  Additional descriptions of 
plant communities are given in Chapter 2. 
Animal Training and Care, Foraging Trials, and Activity Budgets 
Caribou were housed at a National Council for Air and Stream Improvement (NCASI) 
research facility near Fort St. John, BC after the original, hand-reared cohort was imported 
from the Robert G. White Large Animal Research Station at the University of Alaska, 
Fairbanks in April 2013 (see Chapter 2).  Additional animals were born subsequently at the 
NCASI facility.  We habituated animals to human presence and trained them to load and 
unload from a trailer for transport to field sites.  Animals were fed a pelleted ration 
developed specifically for caribou (Barboza and Parker 2006, 2008) and alfalfa hay.  They 
also had access to (or were supplemented with) a variety of native forages (see Chapter 2).  
Additional details on rearing, training, and animal care are provided in Chapter 2.  For the 
foraging trials at field sites, the original design of our study was to use only lactating animals, 
but not all animals bred each year and not all animals remained tractable.  We primarily used 
females born in Alaska in 2009, but we also used some females born in 2013 because we 
could not completely control for pregnancy.  Consequently, some animals were lactating, 
some were non-lactating adults, and some were yearlings.  Our research followed guidelines 
of the American Society of Mammalogists (Sikes 2016); the University of Northern British 
Columbia Animal Care and Use Committee (Protocol Number 2013-9) approved all animal 
protocols for this study. 
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Beginning in July each summer, we transported caribou from the NCASI facility to 
foraging sites in the mountains and boreal forests across northeastern BC (Fig. 4.1; see 
Chapter 2 for more details).  We clipped vegetation biomass, by species, from ground level to 
2-m height at two plots along three or four vegetation transects (up to 378 m long) at each 
site.  Plots were spaced at 1/3 and 2/3 the length of each transect (e.g., at 50 m and 100 m 
along a 150-m transect) in vegetation representative of a single PNV community.  We dried 
the biomass samples at ≥70° C in an industrial drier to a constant mass to estimate the 
quantity of biomass that was available to caribou at each site (Chapter 2).  At 10 equally 
spaced intervals along each vegetation transect we used a moosehorn coverscope to estimate 
canopy cover (Robinson 1947; Cook et al. 1995).  We recorded elevation from a Garmin 
global positioning system (GPS) and measured aspect and slope at each site from the center 
of each transect (West 2004). 
After vegetation sampling was completed, a temporary enclosure for caribou was 
constructed of portable electric fence rope, plastic posts, and insulators (see Chapters 2 and 3 
for details on construction and habituation time).  Enclosures ranged in size from 0.4–1.75 
ha, depending on available biomass of vegetation.  Size of enclosures was adjusted to 
minimize potential effects of pen size on foraging behaviour of caribou, such that enclosures 
with large quantities of biomass were smaller than those with low quantities of biomass.  
Initially, enclosures were constructed to hold up to four adult female caribou (and their 
calves, if present) for up to 48 h, plus habituation time.  Due to a shortage of tractable 
animals, we held only three caribou (adults and yearlings) in some enclosures.  We could not 
maintain caribou in all enclosures for 48 h because of very low quantities of available 
biomass, large predators nearby, or for risk of being snowed in (see Chapter 2).  While in 
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enclosures, caribou subsisted entirely on native vegetation, but we provided water ad libitum.  
Once we completed data collection, we used a small pelleted food reward (<0.5 kg per adult) 
to entice caribou to load into the trailer for transport to subsequent sites. 
Groups of caribou were held at two adjacent sites.  At each site one of two observers 
collected four foraging trials per animal per day beginning at 0500 h (or to match ambient 
light conditions later in the season to ensure observers had adequate daylight to identify 
forage species).  Foraging trials were spaced throughout the day and included two 20-min 
morning trials, one 15-min afternoon trial, and one 20-min evening trial for a total of 75 min 
per animal per day.  During foraging trials observers recorded the number of bites that 
caribou consumed by plant species.  After careful observations of prehension, handling, and 
selection by caribou, we collected representative bite masses for the species consumed and 
used these bite masses to estimate simulated diets. 
Diet Composition, Simulation, and Nutritional Assays 
We determined individual-specific, simulated diets at each site.  For each caribou, we tallied 
the total number of bites of each species consumed during all of its foraging trials at that site 
and calculated the proportion of those bites comprised of each species consumed.  The 
species with the greatest proportions of bites, which together comprised ~90% of total bites 
recorded, were collected for each simulated diet (Table 4.1).  Given that the number to be 
sampled could be slightly smaller or greater than 90%, we used the number of species in diet 
simulations that resulted in the smallest deviation from 90%.  We collected 40–200 bites 
(depending on variation in bite mass among species) for each simulated diet to obtain ~5 g 
dry mass (minimum needed for nutritional assays).  The number of bites collected in 
simulated diets was determined based on previous experience with the dry mass of forage  
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Table 4.1.  Sample diet for study animal D1 in northeastern British Columbia from foraging trials in 
an alpine willow community in August 2014 showing the total number of bites consumed (by 
species), the proportion of the diet comprised of that species (based on number of bites consumed), 
the diet simulation multiplier (number of bites the simulated diet is based on), and the number of bites 
to collect — the product of the proportion of diet and the diet simulation multiplier.  In this example, 
only the top three species (through Artemisia arctica) were collected since they accounted for the top 
93% of the diet.  We assumed that the remaining species would have a negligible effect on diet 
quality since they were consumed in such small amounts. 
Species Total Bites Proportion 
of Diet 
Diet Simulation 
Multiplier 
Bites to Collect 
Salix spp. 2368 0.53 60 32 
Betula glandulosa 1448 0.32 60 19 
Artemisia arctica 342 0.08 60 5 
Cetraria islandica 172 0.04 60 2 
Cladina rangiferina 62 0.01 60 1 
Flavocetraria cucullata 46 0.01 60 1 
Polemonium caeruleum 17 0.00 60 0 
Cladina mitis 15 0.00 60 0 
Unknown bites 10 0.00 60 0 
Aconitum delphiniifolium 9 0.00 60 0 
Festuca altaica 6 0.00 60 0 
Hierochloe alpina 4 0.00 60 0 
Mertensia paniculata 1 0.00 60 0 
 
species.  We multiplied the proportion of the bites consumed of each species by the number 
of bites to be collected in a simulated diet to determine the number of bites of each species to 
collect.  As an example, a 60-bite simulated diet (Table 4.1) consisted of 32 bites of Salix 
spp. (0.53 ● 60 diet-simulation multiplier), 19 bites of Betula glandulosa, and five bites of 
Artemisia arctica because these species accounted for 93% of the diet which is closer to 90% 
than if we had excluded A. arctica, which would have been only 85% of the diet. 
We collected simulated diets in freezer bags, which we sealed and stored on ice (up to 
a maximum of four days) before transferring them to a freezer.  All diet simulations were 
transferred from the freezer to coolers with dry ice for transport to the Wildlife Habitat and 
Nutrition Laboratory at Washington State University, where they were freeze-dried in 
preparation for nutritional assays.  Nutritional assays were used to determine energy, fiber, 
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protein, and tannin content of samples with bomb calorimetry, sequential fiber analysis, total 
elemental N, and tannin precipitation methods (Goering and Van Soest 1970; Martin and 
Martin 1983).  We converted these results into digestible energy and protein values using 
equations of Robbins et al. (1987a, b), which are also given in Hanley et al. (1992). 
Statistical Analyses 
We completed statistical analyses in STATA 14 (StataCorp 2016).  We present descriptive 
statistics (x̄ ± SE) to document gross energy, dry matter digestibility, digestible energy, crude 
protein, and digestible protein in diets selected by caribou, by plant community, moisture 
regime (alpine), and seral stage (forests).  To examine the factors that influenced changes in 
DDE and DDP, we used multilevel mixed-effects linear regression models (hereafter 
multilevel models; XTMIXED procedure in STATA with independent covariance).  By 
including random intercepts for each animal, multilevel models allowed us to account for 
repeated measures on the same individual, to track individuals, and to account for the 
contribution of nutritional class (i.e., lactating adult, non-lactating adult, and yearling) in 
influencing our measures of diet quality.  Because the same individual did not always remain 
in the same nutritional class across years of the study, we considered an animal that changed 
nutritional classes to be a separate animal (e.g., animal D1 lactating, animal D1 non-
lactating).  Animal numbers across the three years of this study used in these analyses were 
n = 9 lactating caribou in 2013; n = 3 lactating, 2 non-lactating, and 3 yearlings in 2014; and 
n = 1 lactating (only a few samples) and 8 non-lactating caribou in 2015.  Four caribou 
changed from lactating to non-lactating and three caribou changed from yearling to non-
lactating during our study.  We did not include data from wetland sites (n = 4) in these 
models because of very limited and variable samples, nor did we include animal-classes 
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(caribou) with ˂5 observations (including two yearlings in 2014 and one non-lactating adult 
in 2015), resulting in n = 492 diet samples for use in models.  We did use all observations to 
calculate descriptive statistics of diet quality measures for each PNV community. 
Because of obvious differences in general community attributes, we ran separate sets 
of multilevel models for alpine and forested communities.  For both communities, we tested a 
multilevel model that included Julian day, nutritional class, and PNV (three alpine, five 
forest) as independent variables for DDE and DDP.  We did not have enough observations 
for each seral stage to use seral stage as a categorical variable in models.  We tested 
competing models for alpine communities that included aspect or elevation as covariates, and 
for forest communities that included canopy cover and stand age, as these variables may 
influence plant phenology and subsequently diet quality.  Additionally we determined how 
differences in dietary contributions of lichens and deciduous shrubs affected DDE and DDP 
using multilevel models (with Julian day and nutritional class as covariates) across the entire 
alpine-forest data set.  Significance of continuous variables was determined by their P-values 
from the multi-level models, using α = 0.05.  For nutritional class, we ran models using 
lactating caribou as the reference category and compared P-values for non-lactating and 
yearling caribou to determine if lactating caribou differed from non-lactating and yearling 
caribou.  We ran the model a second time with non-lactating caribou as the reference 
category and compared P-values to determine if non-lactating and yearling caribou differed 
to capture model-wide effects of nutrition class.  For other categorical variables, we used 
marginal means with confidence intervals to assess significance (Bonferroni corrections were 
used if there were more than three levels of a categorical variable).  Marginal means are the 
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values of the level of one categorical variable while all other categorical and continuous 
variables in the model are held at their mean values. 
We used Akaike’s Information Criterion corrected for small sample size (AICC; 
Burnham and Anderson 2002) to rank competing models in each set.  Low AICC values 
indicate improved model fit and, therefore, top models have the lowest AIC scores among 
comparable models.  For AICC estimates, we calculated k as the number of parameters 
(including the intercept) in the fixed portion of the model plus one for the random intercept 
(Skrondal and Rabe-Hesketh 2004).  If the ∆AICC between models was ≤2, we inspected 
models for uninformed parameters and calculated Akaike weights (wi) to examine the weight 
of evidence for each model within the model set (Anderson and Burnham 2002; Burnham 
and Anderson 2002; Arnold 2010) to identify the top model(s). 
Results 
We collected 517 diet samples from observations on 16 different caribou in nine PNV 
communities over the three summer-autumn sampling periods of this study.  Among all 
individual diets analyzed, dietary digestible energy ranged from 9.7–4.6 kJ ● g-1 and 
digestible protein content ranged from -2.4–14.6 g ● 100 g-1.  Average diet quality across 
PNV communities, including forest seral stage, varied by up to 1.8 kJ ● g-1 DDE and up to 
8.2 g ● 100 g-1 DDP; Table 4.2).  Top models characterizing DDE and DDP obtained by 
caribou all included Julian day, nutritional class, and PNV community (Table 4.3). 
Dietary digestible energy and protein content of caribou diets were highest at the 
beginning of our sampling period (mid-summer) and tended to decline into autumn (Figs. 
4.2, 4.3).  In top models (Table 4.3), Julian day did not affect DDE at alpine sites (β = -0.002, 
P > 0.566), but at forest sites DDE declined as the summer progressed (β = -0.011,  
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Table 4.2.  Arithmetic means (x̄ ± SE) for dietary gross energy (GE), dietary dry matter digestibility (DMD), dietary digestible energy (DDE), 
dietary crude protein (CP), and dietary digestible protein (DDP) content of 517* diet samples from tame caribou foraging in potential natural 
vegetation (PNV) communities, across a moisture regime at alpine sites and subdivided by seral stage for forest sites, in northeastern British 
Columbia averaged across all samples. 
PNV† Seral Stage‡ (n§) GE (kJ ● g-1) DMD (%) DDE (kJ ● g-1) CP (%) DDP (g ● 100 g-1) 
ADry Dry (n = 16) 19.4 ± 0.12 62.8 ± 0.63 12.2 ± 0.12 9.0 ± 0.48 4.3 ± 0.46 
ABirch Intermediate (n = 9) 20.9 ± 0.23 58.0 ± 0.96 12.1 ± 0.16 12.4 ± 0.64 7.3 ± 0.59 
AWillow Wet (n = 4) 20.7 ± 0.12 58.4 ± 0.54 12.1 ± 0.08 13.0 ± 0.61 7.4 ± 0.50 
HighSF Early (n = 15) 19.8 ± 0.09 62.6 ± 0.43 12.4 ± 0.08 10.9 ± 0.33 5.5 ± 0.30 
 Mid (n = 2) 19.5 ± 0.13 61.9 ± 0.86 12.1 ± 0.16 11.6 ± 0.51 6.4 ± 0.52 
 Late (n = 16) 19.6 ± 0.11 62.2 ± 0.48 12.2 ± 0.08 10.7 ± 0.48 5.8 ± 0.44 
MidSF Early (n = 14) 19.9 ± 0.09 59.6 ± 0.45 11.9 ± 0.09 11.5 ± 0.42 6.0 ± 0.38 
 Mid (n = 4) 18.8 ± 0.07 64.0 ± 0.72 12.0 ± 0.14 5.9 ± 0.43 1.4 ± 0.42 
 Late (n = 10) 19.0 ± 0.09 59.3 ± 0.66 11.2 ± 0.12 8.4 ± 0.58 3.7 ± 0.55 
BBS Early (n = 5) 19.4 ± 0.18 61.1 ± 0.89 11.9 ± 0.12 8.3 ± 0.50 3.3 ± 0.39 
 Mid (n = 3) 19.0 ± 0.13 62.4 ± 1.07 11.9 ± 0.17 6.3 ± 0.59 1.9 ± 0.56 
 Late (n = 6) 18.7 ± 0.17 61.9 ± 0.81 11.6 ± 0.16 6.7 ± 0.55 2.2 ± 0.51 
BTRF Early (n = 1) 20.5 ± 0.35 55.4 ± 1.55 11.4 ± 0.24 6.3 ± 0.39 1.3 ± 0.27 
 Mid (n = 3) 20.8 ± 0.25 62.6 ± 1.20 13.0 ± 0.26 14.6 ± 0.70 9.5 ± 0.64 
 Late (n = 2) 19.0 ± 0.31 63.7 ± 1.39 12.1 ± 0.16 9.5 ± 1.73 4.7 ± 1.65 
BWS Early (n = 6) 20.0 ± 0.16 61.2 ± 0.68 12.2 ± 0.10 10.1 ± 0.47 4.7 ± 0.46 
 Mid (n = 5) 19.6 ± 0.20 60.7 ± 0.55 11.9 ± 0.14 8.5 ± 0.99 3.4 ± 0.85 
 Late (n = 10) 19.3 ± 0.10 61.5 ± 0.46 11.9 ± 0.08 10.6 ± 0.34 5.4 ± 0.35 
W (n = 4) 20.4 ± 0.67 64.2 ± 1.55 13.0 ± 0.17 9.2 ± 0.83 4.4 ± 0.78 
* All diet samples (including those excluded from multilevel models due to small n) 
† PNV communities are alpine (ADry, ABirch, AWillow), high-elevation spruce-fir forests (SF), mid-elevation spruce-fir forests (MidSF), boreal 
black spruce (BBS), boreal treed rich fens (BTRF), boreal white spruce (BWS), and wetlands (W) 
‡ Seral stage classified for forests in the field (J. G. Cook, personal communication).  Alpine PNV communities encompassed a moisture gradient 
§ Sample sizes are the number of unique sites sampled from 2013–2015; we collected three or four diet samples at each site depending on the 
number of caribou present.  Standard errors were calculated from total number of diet samples in each PNV  
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Table 4.3.  Multilevel models characterizing dietary digestible energy (DDE) and digestible protein (DDP) in diets selected by tame caribou in 
alpine (n = 111 observations) and forest plant communities (n = 381) of northeastern British Columbia, where k is the number of parameters in 
the model, LL is the log-likelihood, AICc is the Akaike Information Criterion corrected for small sample size, ∆AICc is the change in AICC 
from the top model, and wi is the AIC weight of evidence; significance of coefficients of explanatory variables is described in the text. 
Model Explanatory Variables K LL AICc ∆AICc wi 
Alpine DDE Julian day, Nutrition*, PNV† 7 -137.899 295.580 0.000 0.606 
 
Julian day, Nutrition, PNV, Elevation 8 -137.778 297.757 2.177 0.204 
 
Julian day, Nutrition, PNV, Aspect 8 -137.848 297.897 2.317 0.190 
 
      
Alpine DDP Julian day, Nutrition, PNV, Elevation 8 -274.070 565.552 0.000 0.417 
 
Julian day, Nutrition, PNV 7 -275.331 565.749 0.198 0.378 
 
Julian day, Nutrition, PNV, Aspect 8 -274.780 566.972 1.420 0.205 
 
      
Forest DDE Julian day, Nutrition, PNV, Canopy Cover 10 -357.758 736.110 0.000 0.677 
 Julian day, Nutrition, PNV 9 -359.982 738.449 2.339 0.210 
 Julian day, Nutrition, PNV, Age 10 -359.550 739.696 3.585 0.113 
 
      
Forest DDP Julian day, Nutrition, PNV 9 -870.420 1759.325 0.000 0.559 
 
Julian day, Nutrition, PNV, Canopy Cover 10 -870.236 1761.067 1.741 0.234 
  Julian day, Nutrition, PNV, Age‡ 10 -870.356 1761.307 1.981 0.207 
* Categorical covariate with three levels of nutritional class: lactating, non-lactating, and yearling  
† Categorical covariate of potential natural vegetation community (PNV) with three levels for alpine (dry, birch, willow), five levels for forests 
(boreal black spruce, boreal treed rich fen, boreal white spruce, high-elevation spruce-fir, mid-elevation spruce-fir) 
‡ Age is an uninformed parameter (sensu Arnold (2010)) and this model was not considered a competing model  
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Figure 4.2.  Arithmetic means (x̄ ± SE) averaged for all samples by week of the year (showing the 
influence of Julian day) for digestible energy (A), digestible protein (B), gross energy (C), and crude 
protein (D) in the diets of tame caribou of all nutritional classes in alpine plant communities in 
northeastern British Columbia across seral stages (but see variability in Table 4.2).  Plant 
communities are: dry alpine (ADry), birch alpine (ABirch), and willow alpine (AWillow).  We used 
week of the year instead of Julian day for clarity of presentation.  Week 28 corresponds to 8–14 July 
and week 40 to 30 September–6 October. 
  
 103 
 
 
 
 
 
Figure 4.3.  Arithmetic means (x̄ ± SE) averaged for all samples by week of the year (showing the 
influence of Julian day) for digestible energy (A), digestible protein (B), gross energy (C), and crude 
protein (D) in the diets of tame caribou of all nutritional classes in forest plant communities in 
northeastern British Columbia across seral stages (but see variability in Table 4.2).  Plant 
communities are: high-elevation spruce-fir forests (HighSF), mid-elevation spruce-fir forests 
(MidSF), boreal black spruce (BBS), boreal treed rich fens (BTRF), and boreal white spruce (BWS).  
We used week of the year instead of Julian day for clarity of presentation.  Week 28 corresponds to 
8–14 July and week 41 to 7–13 October. 
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P < 0.001).  Dietary DP declined as Julian day increased at both alpine (β = -0.069, 
P < 0.001) and forest sites (β = -0.084, P < 0.001).  Digestible energy and digestible protein 
content of caribou diets were only moderately correlated with each other (both P < 0.001; 
r = 0.444, n = 111 at alpine sites; r = 0.450, n = 381 at forest sites). 
At alpine sites, elevation and aspect were not components in the top model of DDE, 
but were included in the top models of DDP (although they were not significant — elevation: 
β = 0.001, P = 0.169; aspect: β = 0.0003, P = 0.750; Table 4.3).  At forest sites, canopy cover 
was important in top models of both DDE and DDP, but was significant only for DDE, which 
declined as canopy cover increased (DDE–β = -0.003, P = 0.034; DDP–β = -0.003, 
P = 0.544).  Diets of lactating caribou tended to have higher DDP than yearling and non-
lactating caribou (Fig. 4.4C, D), but the only significant difference was between diets of 
lactating and non-lactating animals in forests (P = 0.001).  Otherwise caribou diets were of 
similar quality among nutritional classes. 
Dietary digestible energy content was more variable among diets selected by caribou 
in alpine communities than in forest communities, which could be related to different sample 
sizes (Fig. 4.4A, B).  Even so, caribou obtained diets of similar DDE from all alpine 
communities, as indicated by overlapping confidence intervals on marginal means 
(Fig. 4.4A, Table 4.2).  Caribou diets from alpine communities consisted primarily of 
preferred terrestrial lichens and low-growing (typically ≤0.5 m) deciduous shrubs (diet 
composition given in Appendix G: Table G.1).  Caribou diets from boreal black spruce and 
mid-elevation spruce-fir forests had significantly lower DDE than diets in boreal treed rich 
fens (Fig. 4.4B, when adjusted for Bonferroni corrections).  Among the forest communities, 
we documented highest mean DDE in mid-seral boreal treed rich fens and wetlands recorded  
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Figure 4.4.  Marginal means (x̄ ± SE) from top multilevel models (Table 4.3) for digestible energy in 
caribou diets from alpine (A) and forest (B) communities and digestible protein in caribou diets from 
in alpine (C) and forest (D) communities content of diets selected by lactating, non-lactating, and 
yearling caribou alpine and forest potential natural vegetation (PNV) communities during summer 
and early autumn in northeastern British Columbia across seral stages (but see variability in Table 
4.2).  PNVs and associated sample sizes for lactating, non-lactating, and yearling caribou in the alpine 
are dry alpine (ADry; n = 22, 34, 7), birch alpine (ABirch; n = 23, 6, 4), and willow alpine (AWillow; 
n = 13, 1, 1).  In forests, samples were from high-elevation spruce-fir (HighSF; n = 39, 69, 13), mid-
elevation spruce-fir (MidSF; n = 57, 36, 10), boreal black spruce (BBS; n = 21, 25, 8), boreal treed 
rich fen (BTRF; n = 1, 21, 2), and boreal white spruce (BWS; n = 49, 17, 13). 
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(Table 4.2), although sample size was small (n = 3 and 4 sites, respectively).  We lowest 
mean values of DDE in late-seral forests in the mountains (mid-elevation spruce-fir forests) 
and at boreal sites (black spruce forests; Table 4.2). 
Digestible protein content of diets selected by caribou also varied among plant 
communities (Fig. 4.4C, D).  Caribou in alpine communities obtained higher DDP at birch 
than dry alpine sites, but DDP in diets from willow alpine did not differ significantly from 
either birch or dry alpine as indicated by overlapping confidence intervals.  Across the 
sampling period, the birch- and willow-dominated alpine sites afforded caribou the highest 
DDP (Table 4.2) and the dry alpine sites averaged 60% of the DDP in the other two alpine 
communities (Table 4.2).  Highest DDP in forests was documented in boreal treed rich fens 
and diets obtained by caribou in boreal black spruce forests had significantly lower DDP than 
all other forests.  Marginal means for DDP content of simulated diet samples at boreal black 
spruce sites were approximately half as much as the next lowest DDP value (high-elevation 
spruce-fir forests, Fig. 4.4D).  Averaged by seral stage, we recorded the highest mean DDP in 
caribou diets in montane forests at high-elevation spruce-fir sites at mid-seral stages and in 
the boreal communities at late-seral white spruce sites (Table 4.2).  We documented negative 
DDP values in 24 diet samples: nine alpine sites (eight dry, one birch), six boreal black 
spruce, five mid-elevation spruce-fir forests, two boreal white spruce, one boreal treed rich 
fen, and one wetland. 
Across the summer–autumn sampling period, PNV communities, and nutritional 
classes, diet quality was related to the proportion of deciduous shrubs and lichens in diets 
consumed by caribou (Fig. 4.5), but these relationships were highly variable.  The proportion 
of deciduous shrubs in diets selected by caribou did not affect DDE significantly (P = 0.961;  
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Figure 4.5.  Changes in dietary digestible energy and digestible protein relative to the proportion of 
deciduous shrubs (A, B) and lichens (C, D) in diets selected by tame caribou in northeastern British 
Columbia, fit using multilevel models adjusted to mean Julian day.  
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Fig. 4.5A), but was associated with increases in DDP (β = 2.06, P < 0.001; Fig. 4.5B).  As 
the proportion of lichens in caribou diets increased, DDE (β = -0.374, P = 0.003) and DDP 
(β = -5.00, P < 0.001; Fig. 4.5C, D) declined. 
Discussion 
Forage resources influence interactions between ungulates and their environment with 
implications to growth, survival, and reproduction (White et al. 1975; Fryxell 1991; Seagle 
and McNaughton 1992; Bailey et al. 1996; Courtois et al. 2008).  Thus, variation in diet 
quality among plant communities has implications to ungulate ecology that may influence 
foraging decisions across the landscape.  Reported dietary requirements for caribou at peak 
lactation, assuming a body mass of 110 kg, are ~14.8 kJ ● g-1 DDE and 14 g ● 100 g-1 crude 
protein (National Research Council 2007: Table 15-9).  Estimated DDP requirements for 
peak lactation are 8.6 g ● 100 g-1 DDP based on the relationship between digestible protein 
(DP) and crude protein (CP) from our data (g ● 100 g-1 DP = 0.904 (g ● 100 g-1 CP) - 4.08; r2 
= 0.99).  Across all plant communities sampled in northeastern BC, mean DDE and DDP 
obtained by our caribou were below these levels.  From within the range of observations we 
recorded, none of the site-specific values of DDE and only 14% of DDP values met peak 
lactation requirements.  For non-lactating caribou, reported maintenance requirements for 
digestible energy are 13.8 kJ ● g-1 (National Research Council 2007).  Across plant 
communities, mean DDE was below these requirements and only 1% of site-specific 
measurements we observed met or exceeded this requirement.  Mean DDP in approximately 
half the PNV communities sampled was below maintenance requirements for non-lactating 
caribou (9.5 g ● 100 g-1 crude protein or 4.5 g ● 100 g-1 digestible protein; National Research 
Council 2007: Table 15-9), but 55% of our observations were above these protein 
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requirements.  At the concentrations of DDE and DDP we recorded, free-ranging caribou 
must eat faster and forage longer than what is assumed in the estimates of requirements 
provided in the National Research Council (2007) guidelines.  Adjusting intake rates and 
foraging times, when and to the extent possible, provides caribou with some flexibility in the 
DDE and DDP they need to satisfy nutritional requirements and can allow them to satisfy 
requirements at these levels of DDE and DDP (see Chapter 5).  Despite some flexibility, 
there are physical and physiological limitations to intake rates and foraging time and some 
communities are unlikely to provide caribou with adequate nutrients.  Regardless, wild 
caribou must be highly selective among species and plant communities, and presumably must 
allocate substantial time to foraging each day. 
Diet quality was similar among nutritional classes except that in forests, lactating 
caribou obtained diets with higher digestible protein than the diets of non-lactating caribou.  
On average, lactating animals consumed more deciduous shrubs in forests (49.6 ± 2.5%, 
x̄ ± SE) than their non-lactating counterparts (46.1 ± 2.3%).  Increases in deciduous shrubs 
were associated with higher DDP and this seemingly small difference in deciduous shrub 
intake may have been enough to result in a significant difference in DDP content of caribou 
diets between nutritional classes.  Selection of deciduous shrubs (often with larger bite 
masses) may be a function of lactating caribou trying to increase daily intakes to meet 
elevated nutritional requirements to support lactation, and therefore, increased DDP may be a 
consequence, rather than a driver, of selection.  Not all animals, however, were exposed to 
exactly the same foraging conditions across years of the study and thus, this result may be an 
artifact of the forest communities that lactating caribou were exposed to versus those that we 
sampled with non-lactating caribou.  A study in Alaska that compared diet composition 
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(based on fecal samples) and quality of adult female caribou with different nutritional 
requirements (i.e., late gestation-early lactation and non-parturient-non-lactating) reported no 
differences during the calving season (Barten et al. 2001).  Both in Alaska and BC, however, 
females with higher nutritional requirements (e.g., lactation) selected habitats with lower 
biomass (to minimize predation risk to calves) than their counterparts with lower nutritional 
requirements (Barten et al. 2001; Gustine et al. 2006).  Though gestating-lactating caribou in 
Alaska apparently did not sacrifice diet quality, the cost may have been to forage intake rates, 
which are lowest at low levels of biomass (e.g., Trudell and White 1981; Wickstrom et al. 
1984; Rominger et al. 1996; Chapter 3). 
Highest digestible energy concentrations in caribou diets in our study area were 
associated with alpine shrub communities and early- to mid-seral forests, particularly boreal 
treed rich fens, boreal white spruce forests, and high-elevation spruce-fir forests.  Differences 
in digestible energy content of caribou diets among plant communities in northeastern BC 
may have been (in part) a function of changes in understory composition associated with 
forest canopy cover.  In our study, low canopy cover, such as in early-seral forests, was 
associated with greater accepted biomass than the higher canopy cover of mid- and late-seral 
forests (unpublished data).  Changes in forage quality and diet quality associated with canopy 
cover or stand age also have been reported elsewhere (East and Felker 1993; Klinka et al. 
1996; Ulappa 2015; Cook et al. 2016), although not everywhere (Ford et al. 1994). 
Both digestible energy and protein content of diets selected by caribou declined as the 
proportion of lichens in the diet increased, but our results were highly variable.  Potentially, 
some of the variation in DDE and DDP may have been associated with contaminants (e.g., 
bark, soil) that were impossible to fully remove from lichen samples during collection, and 
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that could have reduced digestibility (Robbins 1987).  In addition, grouping all lichens 
together may have hampered detection of relationships between DDE and highly digestible 
(e.g., Cetraria) versus moderately digestible species (e.g., Cladina spp., Cladonia spp.; 
Person et al. 1980; Thomas and Kroeger 1980; Thomas et al. 1984; Storeheier et al. 2002).  
We are cautious about interpreting the negative relationship we observed between lichens 
and DDE because lichens are generally considered to be a high-quality forage, and even at 
sites where other species offered greater intake, caribou continued to search out and consume 
accepted lichens.  It is possible, however, that although lichens are high in digestibility, they 
are not high in gross energy content, which could result in lichens having only moderate 
levels of digestible energy.  Further work is needed to quantify the digestible energy content 
of accepted forage lichens and potential digestive synergism between lichens and other 
forage species (Rochelle 1980; Robbins 1987).  We are more confident in our results 
indicating that higher proportions of lichens in the diet are associated with lower DDP, as 
many lichens have low protein content (Boertje 1984, 1990; Robbins 1987).  In diet samples 
with <0% DDP, lichens comprised a majority of the diet and in these cases protein lost 
during digestive processes would have exceeded the low dietary contribution, thus, creating a 
protein deficit (regardless of intake when DDP is negative).  For caribou during summer, 
consumption of deciduous shrubs, with higher levels of DDP than lichens, may be an 
important foraging strategy to offset low DDP associated with lichen consumption (Klein 
1990; Parker et al. 1999).  During summer, the proportion of lichens in caribou diets 
generally was not associated with high dietary digestible energy or high protein content, thus, 
lending support to Bergerud’s (1972) supposition that lichens may not be essential dietary 
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items for caribou.  During winter, however, lichens are probably a better source of digestible 
energy than many other available forages of lower quality (Parker et al. 1999). 
Sampling during our study likely began during or after the spring-summer peak in 
forage quality, which then declines into autumn (Klein 1990; Albon and Langvatn 1992).  
Correspondingly, digestible energy and protein in caribou diets were highest in the earliest 
samples each year.  Julian day, as an indicator of phenological succession, influenced all 
models of diet quality except for digestible energy in alpine communities.  Our sampling in 
alpine communities was limited to just one to two months each year because of the insect 
season (early summer) and snow (late summer, beginning in August in some years).  With a 
longer sampling period or a larger sample size, we may have detected a significant effect of 
Julian day.  Alternatively, the contributions of lichens to caribou diets at alpine sites may be 
responsible for the relatively flat DDE pattern we observed (Appendix H: Fig. H.1) — a 
pattern also observed in black spruce communities where lichens made relatively large 
contributions to diets (Denryter et al. 2017; Chapter 2).  Unlike vascular plants, lichens do 
not undergo significant seasonal declines in quality (Bergerud 1972), so high intake of 
lichens (in plant communities where they are available) may enable caribou to maintain 
relatively high diet quality. 
The effect of Julian day on DDE was smaller than its effect on DDP for the caribou 
diets we observed.  Steeper seasonal declines in DDP compared to DDE were also reported 
for diets of black-tailed deer (Odocoileus hemionus sitkensis Merriam, 1898; Parker et al. 
1999) and elk (Cervus elaphus L., 1758; Cook et al. 2016), but it is important to recognize 
that many variables can interact to affect these relationships.  Differences in the magnitude of 
the effect of Julian day on DDP and DDE, and the fact that DDP and DDE were only 
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moderately correlated, suggests that: (i) phenological changes did not affect declines in 
protein and energy at the same rates; and/or (ii) caribou altered dietary choices that 
influenced DDE.  High levels of protein and energy occur in new plant growth.  Crude 
protein levels then decline throughout the summer, whereas gross energy usually remains 
relatively constant across the summer-autumn period (Rochelle 1980; Skogland 1990; Parker 
et al. 1999).  When adjusted for digestibility, which also declines from spring to autumn, the 
changes in digestible protein and digestible energy are asynchronous (Rochelle 1980) 
because gross energy is not changing appreciably.  Foragers may alter dietary choices in 
response to asynchronous declines in DDE and DDP to favour different nutritional currencies 
at different phenological stages (Moser et al. 2006), which could motivate changes in animal 
movements, distributions, and habitat selection (White et al. 1975; Albon and Langvatn 
1992; Merkle et al. 2016). 
Variation in diet quality among plant communities (e.g., differences of up to 16% in 
average DDE and more than seven-fold differences in average DDP across seral stages and 
moisture gradients in the nine PNV communities) may be very important because even small 
differences can scale up to affect individuals and populations through multiplier effects 
(White 1983; Cook et al. 2004; Hebblewhite et al. 2008).  For example, a 14% increase in 
digestibility of diets selected by reindeer (R. t. tarandus L., 1758) on the tundra resulted in a 
268% increase in projected daily weight gains during summer (White 1983).  Differences of 
only 1.3 to 2.5 kJ ● g-1 of digestible energy in elk diets resulted in differences of 75 to 300% 
in body fat levels by autumn, among other influences on calf growth, probability of 
pregnancy, and overwinter survival (Cook et al. 2004).  These studies demonstrate the 
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importance of high-quality summer diets to growth and accretion of body reserves that are 
important for breeding and overwinter survival (Cook et al. 2004; Parker et al. 2009). 
The ability of a habitat to satisfy nutritional requirements of caribou is both a question 
of quality and quantity (i.e., nutrient intake).  More research is needed to address how diet 
quality, quantity and composition of available forage, and intake interact and affect the 
ability of caribou to satisfy daily nutritional requirements.  For example, foragers can alter 
daily intake through adjustments to foraging time, which is not accounted for in estimates of 
required diet quality.  The extent to which caribou can adjust foraging time to compensate for 
reduced diet quality depends on physiological limitations, how far below requirements the 
digestible energy and protein contents of their diets are, and the availability of food in plant 
communities.  Although caribou may be able to modify foraging behaviours enough to 
achieve adequate diet quality in some communities, other communities are unlikely to 
provide adequate DDE or DDP no matter how flexible caribou may be.  In addition, selective 
foraging is the primary strategy that wild animals use to control diet quality.  Like caribou 
and reindeer on the tundra (White and Trudell 1980; Thomas et al. 1984), our caribou 
exhibited highly selective foraging behaviour and did not switch from foraging on accepted 
species (78% of all diets) to foraging on avoided species (7%; Denryter et al. 2017; Chapter 
2) even though switching to lower-quality forages may have resulted in higher per-minute 
intakes of dry matter.  Avoided species (e.g., Labrador tea; foam lichen) often are low in 
digestibility, which require more rumination to digest, and have higher concentrations of 
plant secondary metabolites than accepted species (Person et al. 1980; Thomas and Kroeger 
1980; Johnstone et al. 2002; Storeheier et al. 2002).  Daily dry matter and nutrient intakes 
 115 
 
may be lower when ruminants choose to consume avoided species compared to the nutrient 
intakes that may be achieved through selective foraging for high-quality forages. 
At the (stand-level) scale we measured, nutrient content of caribou diets was often 
below the recommended energy and protein levels needed to support peak lactation and some 
were below maintenance requirements.  But how those habitats are distributed across the 
landscape may impact habitat use by caribou relative to foraging currencies and trade-offs.  
For example, to maximize diet quality, our data suggest free-ranging caribou in alpine 
habitats of northeastern BC should select willow and birch-dominated sites over dry sites.  
Northern caribou may be able to move from dry alpine communities to birch or willow alpine 
communities, where they can forage on deciduous shrubs to increase DDP, if these plant 
communities occur within the home range of northern caribou.  Of the four alpine areas 
where we were able to take the tame caribou, we encountered willow alpine communities 
only in Pink Mountain Provincial Park and we encountered birch alpine communities in Pink 
Mountain and Graham-Laurier Provincial Parks.  In contrast, dry alpine communities 
occurred across all the alpine areas we sampled. 
In addition, there is evidence that caribou are associated with summer habitats that, 
based on our results, are limited in dietary digestible energy, dietary digestible protein, or 
both.  Among montane and boreal forests, caribou should not concentrate foraging in 
unproductive boreal black spruce sites, where average DDE and DDP were both low.  
Woodland caribou often have been associated with forests that have high canopy cover 
(mature and old-growth forests — Rominger and Oldemeyer 1989b; Culling et al. 2005; 
boreal black spruce communities — Bradshaw et al. 1995; Rettie and Messier 2000; 
McLoughlin et al. 2005; Culling et al. 2006; Wilson and Demars 2015), both in summer and 
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in winter.  During summer, however, these communities were some of the least nutritionally 
valuable habitats (as measured by diet quality) for caribou in northeastern BC.  It is unlikely 
that caribou are able to satisfy nutritional demands in these communities during summer, 
particularly boreal black spruce communities, as both DDE and DDP were far below 
requirements.  It is more probable that caribou use these areas as refugia from predators 
(Rettie and Messier 2000; McLoughlin et al. 2005; Latham et al. 2011a; Wilson and Demars 
2015), with a trade-off to nutrition.  To ‘make a living’ on DDE and DDP on the landscape, 
foraging caribou must move between low-forage quality, low-predation risk areas and 
higher-quality, higher-risk areas (e.g., coniferous uplands, mixed-deciduous forests; 
McLoughlin et al. 2005; Houle et al. 2010; Latham et al. 2011a).  A more complete 
understanding of these trade-offs may require assessments of habitat use relative to 
nutritional resources on animal-centric food landscapes or ‘foodscapes’ (Searle et al. 2007) 
that have yet to be defined for caribou.  Such foodscapes, built from animal-defined 
currencies (e.g., diet quality, nutrient intake, quantity of food) would further inform our 
understanding of how foragers make decisions to balance nutritional needs with other factors 
that may influence their distribution (e.g., predation, insect harassment, disturbance etc.). 
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CHAPTER 5: NUTRITIONAL LIMITATIONS ON SUMMER RANGES OF TWO 
ECOTYPES OF WOODLAND CARIBOU — A SPECIES-AT-RISK  
Abstract 
Nutritional resources available to ungulates during summer influence many life-history 
processes, including lactation, juvenile growth, pregnancy, and survival; and the effects of 
nutrition can scale up to influence population numbers.  In northeastern British Columbia 
(BC), many populations of woodland caribou (Rangifer tarandus caribou Gmelin, 1788) are 
declining, and designated as threatened or species of special concern under the Canadian 
Species at Risk Act.  We collected foraging observations (i.e., per-minute intake rates, diet 
quality, and foraging time) on three nutritional classes (lactating, non-lactating, yearling) of 
tame caribou to determine the suitability of plant communities available to free-ranging 
caribou to support nutritional requirements.  We documented the amount of food available 
(accepted biomass — species used in proportion to or proportionately greater than their 
availability); and we used per-minute nutrient intakes and daily foraging time of caribou to 
estimate daily intakes of digestible energy (DE) and digestible protein (DP) in alpine, 
montane, and boreal forest communities of northeastern BC.  Plant communities 
characterized by high productivity of accepted biomass in the understory (e.g., willow (Salix 
spp.) alpine and young forest sites) provided caribou with the highest daily intakes and 
highest diet quality.  Even though caribou were highly selective foragers and adjusted 
foraging time in response to accepted biomass and small average bite size, they were 
nutritionally limited by daily DE and/or DP intakes in numerous plant communities.  Nutrient 
intakes below requirements were much more frequent for lactating animals than for animals 
without reproductive demands.  The extent of energy and protein limitations for boreal and 
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northern mountain caribou may depend on their ability and flexibility to move between poor-
quality habitats that may serve as refugia from predators and habitats that are nutritionally 
superior on a heterogeneous landscape. 
Introduction 
Woodland caribou populations are declining throughout Canada (Festa-Bianchet et al. 2011), 
and northern mountain and boreal ecotypes of woodland caribou in northern BC are 
designated as ‘special concern’ and ‘threatened’ under the Species At Risk Act (SARA; 
Committee on the Status of Endangered Wildlife in Canada 2011).  The Species at Risk Act 
mandates the identification of ‘critical habitat’ in the recovery planning process for listed 
species (Species at Risk Act, Government of Canada 2002).  Critical habitat, by definition, is 
“necessary for the survival or recovery” of SARA-listed species (Government of Canada 
2002:1) and includes the “resources and environmental conditions needed for persistence of 
local populations” (Environment Canada 2008:i).  For some caribou herds in BC, the 
locations, amounts, and types of critical habitat have been identified (Environment Canada 
2012), but the value of nutritional resources within caribou habitats has not been quantified.  
Attempts to identify critical habitat that do not address nutritional resources available to 
caribou, specifically during summer when nutrition influences many life-history processes, 
are incomplete (Messier et al. 1988; Crête and Huot 1993; Schmelzer and Otto 2003; Hurley 
et al. 2014). 
Nutritional resources tend to be lowest in quantity and quality during winter, and 
north-temperate ungulates cope by reducing metabolic rates, modifying behaviour to reduce 
energy expenditures, and mobilizing body reserves acquired during the previous summer–
autumn seasons (Klein 1970; Mautz 1978; Parker et al. 1999).  Body reserves acquired 
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during summer and autumn often have a greater influence on overwinter survival than 
available winter forages (Torbit et al. 1985; Cook et al. 2004; Cook et al. 2013).  Although 
nutritional resources peak in quantity and quality during summer (Albon and Langvatn 
1992), not all vegetation is food (Denryter et al. 2017; Chapter 2) and therefore, acquiring 
body reserves during summer can still be difficult, especially for animals experiencing 
elevated nutritional demands.  In addition to replenishing body reserves of fat and protein, 
female north-temperate ungulates face increased demands for milk production and calf 
rearing (Oftedal 1985; Adamczewski et al. 1987; Skogland 1990; Cook et al. 2004).  
Maternal body condition affects growth and survivorship of young through effects on birth 
mass, milk quality and production, and calf growth.  Smaller calves may be more vulnerable 
to predation mortality and have a reduced probability of overwinter survival than their larger 
counterparts (Reimers et al. 1983; Rognmo et al. 1983; Skogland 1990; Rönnegård et al. 
2002; Cook et al. 2004; Adams 2005; Mech 2007).  A high plane of nutrition allows animals 
to attain greater body mass (juveniles) and store larger body reserves (adults; Thomas 1982; 
Reimers et al. 1983; Cameron and Ver Hoef 1994; Gerhart et al. 1997; Adams and Dale 
1998; Cook et al. 2004).  In addition to influences on overwinter survival for all sexes and 
age classes, summer-acquired body reserves influence the timing and success of reproduction 
(Leader-Williams et al. 1981; Skogland 1985, 1986; Crête and Huot 1993).  Nutritional 
limitations can scale up from individuals, through effects on herd productivity and 
recruitment, to affect population numbers with implications to species’ recovery (Crête and 
Huot 1993; Post and Klein 1999; Schmelzer and Otto 2003; Kerby and Post 2013). 
With the exception of lichens on winter ranges (Bergerud 1972; Ferguson et al. 2001; 
Environment Canada 2012; British Columbia Ministry of Environment 2014), nutritional 
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resources have not been studied extensively for northern or boreal ecotypes of woodland 
caribou.  Lichens are low in protein and are associated with low intake rates (Scotter 1968; 
Johnstone et al. 2002; Chapters 3, 4); thus, lichen-dominated habitats with little other forage 
are unlikely to support nutritional demands of caribou during summer.  Additionally, caribou 
consume diverse diets dominated by deciduous forages in summer and, unlike in winter, 
lichens typically are not the primary forage in most communities (Bergerud 1972; Denryter 
et al. 2017; Chapter 2). 
Studying wild animals with sufficient detail to quantify nutritional values of habitats 
generally is not feasible.  In studies of foraging and nutritional ecology, however, tame 
animals are a suitable alternative to wild animals because they are representative of food 
selection, diet composition, and foraging efficiency of their wild counterparts (Olson-Rutz 
and Urness 1987; Spalinger et al. 1997).  Tame animals deployed in foraging studies on the 
landscape allow researchers to quantify forage and nutrient intake rates and to determine 
what animals are physically capable of achieving given available forage conditions 
(Wickstrom et al. 1984; Rominger et al. 1996; Parker et al. 1999; Cook et al. 2016).  Tame 
animals can be used to quantify nutritional values of different habitats, which can provide 
insights into why animals use some habitats and not others.  Comparisons of nutrient intake 
rates with nutritional requirements can be used to assess the nutritional suitability of different 
habitats at specific times of the year (Parker et al. 1999; Cook et al. 2016), with implications 
to habitat conservation and management. 
In previous work, we explored factors that influence per-minute intake (Chapter 3) 
and diet quality (Chapter 4) for caribou.  In this study we summarize values for food quantity 
(accepted biomass — species used in proportion to or proportionately greater than their 
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availability); diet quality (digestible energy (DE) and digestible protein (DP)); and per-
minute intake rates by plant community.  We build on those analyses to understand the 
contribution of diet quality and per-minute intakes to foraging time of caribou, which has 
implications to daily intakes.  The overall goal of this study was to quantify the nutritional 
value of plant communities available to caribou in northeastern BC during summer to 
determine which plant communities provide adequate resources to support nutritional 
demands.  We used observations of foraging by tame caribou to meet two objectives: (i) 
quantify the daily nutrient (DE and DP) intake rates achieved by caribou in different plant 
communities; and (ii) evaluate the suitability of these plant communities to satisfy daily DE 
and DP requirements of lactating and non-lactating caribou during summer.  In addition, we 
(iii) identified variables influencing daily foraging time as it relates to the flexibility that 
caribou may have to meet nutritional demands.  Based on previous work (Chapters 3, 4), we 
expected sites with abundant deciduous shrubs (e.g., willow (Salix spp.) alpine, early-seral 
forests) to provide caribou with adequate daily intakes of DE and DP to satisfy nutritional 
requirements.  We did not expect caribou to be able to adjust foraging time enough to 
compensate for low nutrient intakes at sites where diet quality or accepted biomass was low.  
We discuss the implications of differences in nutritional resources among plant communities 
to affect habitat use and the ability of northern and boreal ecotypes of caribou to ‘make a 
living’ on the landscape during summer. 
Methods 
Our study area was located in the Peace Region of northeastern BC (see Chapter 4, Fig. 4.1).  
We sampled sites as far west as the Rocky Mountain foothills (east of the Williston 
Reservoir, 123° W) and east to the Alberta border (120° W).  Sample sites extended between 
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Brazion Creek (55° N) to the south and the Fort Nelson River (58° N) to the north.  The 
study area encompassed nine potential natural vegetation (PNV) communities in the ranges 
of northern and boreal ecotypes of caribou, where we sampled during the summers and early 
autumns of 2013–2015.  In the mountains, we sampled forests and alpine habitats within the 
ranges of the Graham, Pink Mountain, Kennedy Siding, and Burnt Pine (recently extirpated) 
northern mountain caribou herds, and adjacent to the Moberly, Muskwa, Scott, and Quintette 
herds (see Fig. 4.1).  Boreal sites were within the ranges of the Chinchaga, Prophet, and 
Snake-Sahtaneh boreal caribou herds and adjacent to the Calendar, Parker, and Maxhamish 
herds.  Potential natural vegetation communities are summarized in Table 5.1, with expanded 
descriptions in Chapter 4. 
Sampling Protocols and Animal Care 
In earlier work (Chapter 2) we described sampling protocols for the collection of understory 
vegetation biomass (vascular plants, lichens, mushrooms), which we completed during June–
October in 2013–2015.  We clipped vegetation biomass samples by species (except mosses, 
for which we estimated percent cover) in nine PNV communities (Table 5.1).  We dried 
biomass samples in an oven at ≥70°C to a constant mass to quantify dry matter of each 
species collected from each site to estimate available biomass.  From observations of 
foraging by tame caribou, we identified selected biomass as the species used by caribou 
proportionately more than their availability, avoided biomass as the species used 
proportionately less than their availability, and neutral species as those used in proportion to 
their availability (Denryter et al. 2017; Chapter 2).  Together selected and neutral species 
comprised accepted biomass — the quantity of vegetation accepted by caribou as food. 
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Table 5.1.  Description of potential natural vegetation (PNV) communities including corresponding biogeoclimatic ecosystem classification 
(BEC) zone, dominant tree species, and common species of understory plants. 
PNV* BEC Zone† Dominant Tree Species Common Understory Species 
ADry AT N/A No erect shrubs; crowberry (Empetrum nigrum L.), lingonberry (Vaccinium 
vitis-idaea L.), kinnickinnick (Arctostaphylos uva-ursi (L.) Spreng), net-
veined willow (Salix reticulata L.), alkali grasses (Festuca spp. L.), boreal 
sagebrush (Artemisia norvegica ssp. saxatilis (Besser) H.M. Hall & Clem. = 
Artemisia arctica Less.), Jacob's ladder (Polemonium caeruleum L.), and 
vetch (Astragalus spp. L.).  Similar lichen species to AWillow and ABirch. 
    
ABirch SWB N/A Dwarf birch (Betula glandulosa), reindeer lichens (Cladina (Nyl.) Nyl., 
Cladonia spp. P. Browne, Cetraria spp. Ach., Flavocetraria spp. Kärnefelt 
& Thell), boreal sagebrush.  Foam lichen (Stereocaulon paschale) 
dominated groundcover. 
  N/A  
AWillow SWB  Willows (Salix spp.), lichens (similar species as other alpine sites, but much 
less foam lichen), locoweed (Oxytropis spp. DC.), Jacob's ladder, boreal 
sagebrush, alpine meadow grasses (Poa spp. L., Anthoxanthum monticola 
(Bigelow) Veldkamp = Hierochloe alpina (Sw. ex Willd.) Roem. & 
Schult.). 
    
HighSF ESSF Hybrid spruce (Picea 
engelmannii x glauca), 
subalpine fir (Abies 
lasiocarpa), lodgepole pine 
(Pinus contorta). 
Dwarf birch (northern sites) or white-flowered rhododendron 
(Rhododendron albiflorum, southern sites).  Crowberry, black huckleberry 
(Vaccinium membranaceum Douglas ex. Torr), bramble (Rubus pedatus 
Sm.), fireweed (Epilobium angustifolium L.), oak fern (Gymnocarpium 
dryopteris (L.) Newman), mountain ash (Sorbus scopulina Greene), and 
Cladina lichens. 
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PNV* BEC Zone† Dominant Tree Species Common Understory Species 
MidSF ESSF, 
SBS 
Hybrid spruce, subalpine fir, 
black spruce, lodgepole pine. 
Arnica (Arnica latifolia Bong.), asters, coltsfoot (Petasites frigidus var. 
palmatus (Aiton) Cronquist), fireweed, horsetails (Equisetum spp. L.), Sitka 
valerian (Valeriana sitchensis Bong.), raspberry (Rubus idaeus L.), queen's 
cup (Clintonia uniflora (Menzies ex Schult. & Schult. f.) Kunth), 
twinflower (Linnaea borealis L.), soapberry (Shepherdia canadensis (L.) 
Nutt.), green alder (Alnus viridis ssp. crispa (Aiton) Turrill), willows, and 
blueberries (Vaccinium spp. L.). 
    
BBS BWBS Black spruce (Picea mariana). Labrador tea (Rhododendron groenlandicum (Oeder) Kron & Judd = Ledum 
groenlandicum Oeder), lingonberry, cloudberry (Rubus chamaemorus L.), 
reindeer lichens.  Moss-dominated groundcover. 
    
BTRF BWBS Black spruce, tamarack (Larix 
laricina). Tamarack must be 
present for a site to be 
classified as a treed rich fen. 
Dwarf birch, willows. 
    
BWS BWBS White spruce at late 
successional stages.  
Lodgepole pine or trembling 
aspen at mid-successional 
stages (dry and mesic sites, 
respectively).  Other overstory 
species typically include 
balsam fir (Abies balsamea L. 
Mill), cottonwood (Populus 
balsamifera L.), and paper 
birch (Betula papyrifera 
Marshall). 
Asters, fireweed, Canada mayflower (Maianthemum canadense Desf.), pea 
(Lathyrus spp. L.), green alder, rose (Rosa acicularis Lindl.), willow, paper 
birch, blueberries, squashberry or high-bush cranberry (Viburnum edule 
(Michx.) Raf.), reindeer lichens, horsehair lichen (Bryoria spp. Brodo & D. 
Hawksw.) 
Table 5.1 (cont.) 
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PNV* BEC Zone† Dominant Tree Species Common Understory Species 
Wetland Wf and 
Wm§ 
within 
ESSF and 
BWS 
 N/A Sedges (Carex spp.) at montane wet meadows and boreal meadow marshes.  
Montane wet meadows also had an unidentified, unpalatable (to caribou) 
species of willow, and asters.  Except for sedges, the boreal meadow marsh 
was sparsely vegetated with few dwarf birch and willow shrubs.  Dwarf 
birch and sweet gale (Myrica gale) dominated the understory of one 
shrubby rich fen site. 
*PNV communities are dry alpine (ADry), birch alpine (ABirch), willow alpine, (AWillow), high-elevation spruce-fir forests (HighSF), mid-
elevation spruce-fir forests (MidSF), boreal black spruce (BBS), boreal treed rich fen (BTRF), boreal white spruce (BWS), and wetlands 
†Biogeoclimatic ecosystem classification zones are boreal white and black spruce (BWBS), Engelmann spruce-subalpine fir (ESSF), sub-boreal 
spruce (SBS), spruce-willow-birch (SWB), and alpine tundra (AT) 
§ Wf are fen wetlands, Wm are marsh wetlands, which are biogeoclimatic ecosystem classification (BEC) classes or specific land cover types that 
occur within the ESSF and BWS BEC zones
Table 5.1 (cont.) 
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All caribou used in foraging trials were female and ranged in age from one to six 
years old during the study.  The initial cohort of hand-reared caribou was raised at the Robert 
G. White Large Animal Research Station at the University of Alaska, Fairbanks (Parker and 
Barboza 2013) and later transported to a National Council for Air and Stream Improvement 
research facility near Fort St. John, BC, where they were housed when not used for foraging 
trials.  In captivity animals were maintained on a pelleted ration developed for caribou 
(Parker and Barboza 2013), and had access to pastures with several native plant species 
(Chapter 2).  For foraging studies, we intended to use lactating females, but due to a shortage 
of tractable lactating adults in some years, we also collected data on tractable non-lactating 
adults and yearlings.  Additional details regarding animal rearing, training, and care are 
provided in (Denryter et al. 2017; Chapter 2) and all protocols used in this study were 
approved by the University of Northern British Columbia Animal Care and Use Committee 
(Protocol Number 2013-9). 
Beginning in July each year (2013–2015), we constructed temporary enclosures at 
sites after we clipped vegetation biomass.  Enclosures varied in size (e.g., 0.15 ha–1.75 ha) 
depending on available understory biomass, as described in Chapters 2 and 3.  Enclosures 
built in low-biomass communities were larger than enclosures built in high-biomass 
communities to prevent confounding effects that depletion of biomass could have on foraging 
responses of the caribou.  We transported tame caribou and their calves (when present) in a 
trailer to these enclosures, where they were held for up to 48 h (plus acclimation time).  We 
did not begin animal work prior to July because: (i) insect abundance and harassment 
precluded data collection (caribou cease foraging under conditions of severe insect 
harassment; Trudell and White 1981; Boertje 1985; Toupin et al. 1996; personal 
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observations, this study); and (ii) calves needed to achieve a body size large enough to ensure 
their safe transport in the trailer (i.e., ≥4 weeks old).  Supplemental food was not provided to 
caribou in the enclosures, but we provided ad libitum access to water and to available forage 
within each enclosure. 
Two trained observers collected foraging data from three or four caribou per 
enclosure, usually at two adjacent sites.  For each animal in an enclosure, we collected two 
foraging trials in the morning and one trial in the evening that were each 20 min in duration, 
and one 15-min foraging trial in the afternoon for a total of up to 5 h of observations per site 
per day (i.e., when four caribou were present).  Observers recorded each bite caribou 
consumed by species and then collected replicate bite masses (Wallmo and Neff 1970).  Bite 
masses were dried in an oven at ≥70°C to a constant mass to determine the mean dry matter 
bite mass of each species at each site (Chapters 2, 3).  We determined per-minute intake rates 
for each trial as the product of bite rate and bite mass in that trial and averaged those intake 
rates for each animal at each site to have one estimate of per-minute intake (Chapter 3).  We 
also collected diet simulations based on bites consumed during foraging trials (as described 
in Chapter 4), and these were submitted to the Wildlife Habitat and Nutrition Laboratory at 
Washington State University for analyses of gross energy, total elemental nitrogen, fiber 
(sequential detergent analysis), and tannin content (Goering and Van Soest 1970; Martin and 
Martin 1983).  Digestible energy (DE) and digestible protein (DP) content were calculated 
using equations from Robbins et al. (1987a, b) and Hanley et al.(1992).  Values of dietary DE 
and DP multiplied by per-minute dry matter intake gave per-minute intake rates of DE and 
DP.  We calculated daily intake of dry matter, DE, and DP for each animal at each site by 
multiplying mean per-minute intakes by daily foraging time derived from a combination of 
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activity observations and automated activity recorders (Mini-Mitter® model AW64, Mini-
Mitter Co., Bend, Oregon, USA).  Additional details on foraging trials and calculations are 
provided in Chapter 3 and Appendix B. 
We compared nutrient intakes to nutritional requirements of caribou as a measure of 
relative nutritional value of different plant communities.  We assumed that daily digestible 
energy requirements for a 110-kg female were 50,534 kJ ● day-1 DE during peak lactation 
and 30,104 kJ ● day-1 DE when not lactating in summer (National Research Council 2007: 
Table 15-9).  Crude protein requirements for a 110-kg caribou are 482 g ● day-1 during peak 
lactation and 211 g ● day-1 for summer maintenance of non-lactating females (National 
Research Council 2007: Table 15-9).  Because digestible protein requirements are not 
reported for caribou, we regressed daily intake of digestible protein (DP) against daily intake 
of crude protein (CP) and then used the results of the regression (Equation 1, r2 = 0.95, n = 
401, P < 0.001) to estimate daily digestible protein requirements: 
(1)             g ● day-1 DP = 0.651 (g ● day-1 CP) – 43.5  
From Equation 1, digestible protein requirements were estimated to be 270 g ● day-1 for 
lactating caribou and 94 g ● day-1 for non-lactating caribou. 
Statistical Analyses 
All statistical analyses were conducted in STATA 14 (StataCorp 2016).  For descriptive 
purposes, we calculated and present estimates (x̄ ± SE) of accepted biomass as measures of 
food availability in PNV communities of northeastern BC, as well as diet quality, foraging 
time, and nutrient intakes for caribou (lactating, non-lactating, yearling) in those 
communities.  We excluded data from: (i) animals with n < 5 observations; and (ii) animals 
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whose behaviour was documented to be abnormal (e.g., agitated) and thus data may not have 
been representative of nutritional values caribou could achieve. 
To examine factors influencing foraging time and daily nutrient intakes by caribou, 
we used multilevel mixed-effects regression models (hereafter multilevel models).  
Multilevel models allowed us to track individual caribou throughout the analyses (as random 
intercepts) and account for differences in nutritional classes (based on differences in summer 
nutritional requirements — lactating, non-lactating, yearling).  Multilevel models partition 
variance components to fixed (e.g., PNV, Julian day, nutritional class) and random effects 
(i.e., individual).  Animals that changed nutritional classes among years were considered 
different animals and thus, had a different random intercept (as in Chapters 3, 4).  Four adult 
caribou changed nutritional classes from lactating to non-lactating and three yearling caribou 
changed to non-lactating adults over the three years of this study.  For comparisons among 
nutritional classes of caribou, we varied the reference category between model runs (as in 
Chapters 3, 4). 
Competing multilevel models for foraging-time were based on previous results 
(Chapters 3, 4) and included accepted biomass, dry matter digestibility, bite size, and per-
minute intake rate of dry matter.  We assumed that caribou could allocate foraging time 
based on: (i) food quantity (indexed by accepted biomass); (ii) bite size of species consumed; 
(iii) the combination of food quantity and food quality — indexed by dry matter digestibility; 
(iv) the combination of bite size and food quality; or (v) combinations that included quantity, 
quality, and bite size or intake rate.  We included PNV community and nutritional class as 
categorical covariates in all multilevel models to account for differences in foraging times 
among PNV communities and to control for the influence of nutritional class. 
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Also based on previous results (Chapters 3, 4), we developed multilevel models to 
examine differences in daily intakes of dry matter, digestible energy, and digestible protein 
by caribou in both alpine and forest communities.  All models (one for alpine and two for 
forests) included PNV as a categorical covariate, as well as Julian day (to represent 
phenological changes over time that can affect nutritional values of forages), accepted 
biomass, and nutritional class to control for their influences on daily intakes.  For the forest 
communities, we examined two separate models, one with the addition of stand age and one 
with the addition of canopy cover as covariates — to account for potential differences in 
daily intakes by caribou across a gradient of early to late-seral forests.  Forest stands of the 
same age (and their associated understory forage base) in the same PNV can vary with 
different site characteristics, and therefore, canopy cover may better index light conditions 
that influence the available forage base.  We were unable to incorporate seral stage in the 
models (because of small n in some communities), but we present some PNV-seral stage data 
for descriptive comparisons of the availability of nutritional resources within PNV 
communities in Appendix I.  We could not test both stand age and canopy cover in the same 
model because they were correlated (P < 0.001; r = 0.644, n = 102).  Because the resultant 
forest model sets always had the same number of parameters, we compared their fit with log-
likelihood values. 
We used an information theoretic approach (Burnham and Anderson 2002) to assess 
competing, a priori models for foraging time and daily nutrient intakes.  We ranked 
competing multilevel models using Akaike’s Information Criterion corrected for small 
sample sizes (AICC); lower AICC values indicate better model fit (Burnham and Anderson 
2002).  The ∆AICC is a measure of each model relative to the best model; and we used 
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∆AICC of 2.0 as a threshold for top models.  We calculated k as the number of parameters in 
the fixed portion of the model (one for the constant, one for each continuous variable, and n - 
1 for categorical variables where n is the number of levels for a categorical variable) and 
added one for each random intercept (Skrondal and Rabe-Hesketh 2004).  We also calculated 
Akaike weights (wi) to examine the weight of evidence for each model within the model set 
(Burnham and Anderson 2002). 
Results 
Summary of Food Availability and Diet Quality 
We measured vegetation biomass at 135 sites sampled with tame caribou.  Willow and birch 
alpine communities had higher average quantities of accepted biomass for caribou than all 
other communities sampled, and that accepted biomass was more than twice what was 
available at dry alpine sites (Fig. 5.1A).  Mid- and high-elevation forests tended to have 
higher quantities of accepted biomass than boreal forests (BBS, BTRF, BWS; Fig. 5.1A).  
Across all early-seral forest sites, accepted biomass ranged from 36–2,209 kg ● ha-1 (x̄ = 
826 kg ● ha-1) compared to 11–630 kg ● ha-1 (x̄ = 161 kg ● ha-1) at late-seral sites (Fig. I.1).  
Wetlands had the lowest mean quantity of accepted biomass of all the communities, although 
sample size was low (Fig. 5.1A).  Much of the vegetation biomass in all PNV communities 
was avoided by caribou — this avoided biomass included high quantities of evergreen shrubs 
and unpalatable lichens and forb species (Chapter 2; Appendix I: Figs. I.1, I.2). 
We collected 517 diet quality samples, estimated per-minute intakes at 486 animal-
sites, and determined daily intakes for 401 animal-sites over the three summers of this study.  
Across the diet samples collected over the summer period, dietary digestible energy ranged 
from 4.6–9.7 kJ ● g-1 and digestible protein content ranged from -2.4–14.6 g ● 100 g-1,  
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Figure 5.1.  Arithmetic means (x̄ ± SE) for accepted biomass (A), and digestible energy (B) and 
digestible protein (C) contents of diets consumed by tame caribou (by nutritional class) in potential 
natural vegetation (PNV) communities in northeastern British Columbia across all seral stages (but 
see variability across seral stages in Appendix I).  Sample sizes for lactating, non-lactating, and 
yearling caribou observations by PNV community were: dry windwept alpine (ADry; n = 22, 24, 7), 
birch alpine (ABirch; n = 23, 7, 5), willow alpine (AWillow; n = 13, 1, 1), high-elevation spruce-fir 
forests (HighSF; n = 39, 71, 15), mid-elevation spruce-fir forests (MidSF; n = 57, 37, 15), boreal 
black spruce (BBS; n = 21, 25, 8), boreal treed rich fens (BTRF; n = 1, 21, 2), boreal white spruce 
(BWS; n = 49, 17, 13), and wetlands (W; n = 4, 4, 5).  Accepted biomass (A) was calculated for each 
site rather than for each caribou, with sample sizes as indicated.  
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encompassing the influences of Julian day and nutritional class (Chapter 4), as well as PNV 
and associated seral stage (Table 4.1).  Digestible energy content in the diets of caribou was 
relatively similar across PNV communities (Fig. 5.1B; although see variation across seral 
stages in Table 4.2), and less variable than DP content (Fig. 5.1C; see Chapter 4).  Diets 
obtained from willow alpine sites had highest mean DP values, whereas lowest mean DP in 
caribou diets across all communities was documented at dry alpine and boreal black spruce 
sites. 
Short-Term Intake Rates and Daily Foraging Time 
For all nutritional classes of caribou, we documented the highest mean per-minute intake 
rates of dry matter, DE, and DP in willow alpine communities (Fig. 5.2A, B, C).  Generally, 
per-minute intakes by caribou in willow alpine communities were two to three times that of 
other communities for dry matter, one and a half to three times higher for DE, and three to 
eight times higher for DP.  All three per-minute intakes were lowest at dry alpine and boreal 
black spruce sites (Fig. 5.2A, B, C). 
Daily foraging time for caribou ranged from 8.1–17.6 h ● day-1, and varied among 
plant communities and, in some communities, among nutritional classes (Fig. 5.3).  We did 
not have equal numbers of samples of all PNV communities (and associated seral stages) or 
the nutritional classes of caribou sampled within them.  Given these sampling constraints 
caribou of all nutritional classes spent similar amounts of time foraging in dry and birch 
alpine communities.  We only had one non-lactating and one yearling caribou in willow 
alpine communities, so comparisons were limited.  Among forested communities, non-
lactating caribou typically spent less time foraging (0–2.8 h less per day) in all forest 
communities than did animals of other nutritional classes.  Highest mean foraging times of  
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Figure 5.2.  Arithmetic means (x̄ ± SE) for per-minute intakes of dry matter (A), digestible energy 
(B), and digestible protein (C) by tame caribou (by nutritional class) in potential natural vegetation 
(PNV) communities in northeastern British Columbia across all seral stages (but see variability across 
seral stages in Appendix I).  Sample sizes for lactating, non-lactating, and yearling caribou 
observations by PNV community were: dry/windswept alpine (ADry; n = 22, 34, 7), birch alpine 
(ABirch; n = 21, 5, 3), willow alpine (AWillow; n = 13, 1, 1), high-elevation spruce-fir forests 
(HighSF; n = 39, 61, 13), mid-elevation spruce-fir forests (MidSF; n = 56, 30, 10), boreal black 
spruce (BBS; n = 21, 25, 8), boreal treed rich fens (BTRF; n = 1, 21, 2), boreal white spruce (BWS; 
n =  49, 17, 13), and wetlands (W; n = 4, 4, 5). 
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Figure 5.3.  Arithmetic means (x̄ ± SE) foraging time of tame caribou (by nutritional class) in 
potential natural vegetation (PNV) communities in northeastern British Columbia across all seral 
stages (but see variability across seral stages in Appendix I).  Samples sizes for lactating, non-
lactating, yearling caribou observations by PNV community were: dry windswept alpine (ADry; n = 
22, 25, 7), birch alpine (ABirch; n = 21, 4, 3), willow alpine (AWillow; n = 13, 1, 1), high-elevation 
spruce-fir forests (HighSF; n = 35, 34, 10), mid-elevation spruce-fir forests (MidSF; n = 55, 19, 8), 
boreal black spruce (BBS; n = 19, 18, 6), boreal treed rich fens (BTRF; n = 1, 12, 2), boreal white 
spruce (BWS; n = 49, 11, 13), and wetlands (W; n = 4, 3, 5).  
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caribou were documented in boreal black spruce communities (for lactating and yearling 
caribou), where there were often low quantities of accepted biomass and forages that 
afforded only small bites.  Caribou spent the least amount of time foraging (with the 
exception of wetlands) in willow alpine communities (lactating and yearling; Fig. 5.3). 
Foraging time was characterized by two competing multilevel models (Table 5.2), 
with the model containing accepted biomass, bite size, forage quality (dry matter 
digestibility), PNV, and nutritional class being best supported.  The second best model 
included intake rate (g ● min-1) in place of bite mass.  Foraging time declined as bite size, 
accepted biomass, and per-minute intake increased (all P < 0.005).  It also increased with 
increasing dry matter digestibility, although this was not significant (P = 0.735).  Non-
lactating caribou spent significantly less time foraging per day than either yearling or 
lactating caribou (all P ≤ 0.001).  The only significant difference in foraging time among 
PNV communities (when adjusted for all other variables in the multilevel models) was that 
caribou spent less time foraging at dry alpine than boreal black spruce sites. 
Daily Nutrient Intakes in Relation to Requirements 
Variability in diet quality, per-minute intake rates, and foraging time resulted in variable 
daily intakes of dry matter, digestible energy, and digestible protein (Fig. 5.4).  Daily intakes 
by caribou varied across seral stages and moisture gradients in the PNV communities and 
ranged from 667–9,438 g dry matter; 6,537–118,781 kJ digestible energy; and -38–831 g 
digestible protein (Figs. I.3, I.4, I.5).  We documented daily digestible protein intakes that 
were negative (indicating that more protein was lost during digestive processes than gained 
from the forage) at 18 sites: one birch alpine, six dry alpine, four boreal black spruce, one  
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Table 5.2.  Results from multilevel models of daily foraging time by tame caribou (n = 401 
observations) in communities of northeastern British Columbia.  k is the number of parameters in 
the model, LL is the log-likelihood estimate, AICc is the Akaike Information Criterion score 
corrected for small n, ∆AICc is the difference in AICc between the top model and each of the 
other models, and wi is the weight of evidence for each model within the model set. 
Foraging time k LL AICC ∆AICC wi 
Accepted*, Bite size†, DMD‡, PNV§, Nutr|| 15 -721.46 1474.16 0 0.535 
Accepted, DMI¶, DMD, PNV, Nutr 15 -721.64 1474.52 0.356 0.448 
Accepted, DMD, PNV, Nutr 15 -725.52 1482.28 8.122 0.009 
Bite size†, DMD‡, PNV§, Nutr|| 14 -727.01 1483.1 8.941 0.006 
DMI, PNV, Nutr 13 -728.31 1485.71 11.553 0.002 
DMD, PNV, Nutr 13 -741.61 1510.17 36.006 0 
* Accepted biomass from (kg ● ha-1; Chapter 2) 
† Average bite size (g) from Chapter 3 
‡ Dietary dry matter digestibility (as a percent) from Chapter 4 
§ Potential natural vegetation class (dry, birch, and willow alpine; mid- and high-elevation spruce-fir 
forests, boreal black spruce, boreal treed rich fens, boreal white spruce; wetlands) 
|| Nutritional class of caribou (lactating, non-lactating, yearling) 
¶ Dry matter intake (g ● min-1) 
boreal treed rich fen, two boreal white spruce, three mid-elevation spruce-fir, and one 
wetland site (Fig. I.5). 
Caribou achieved much higher intakes of dry matter and digestible energy at willow 
alpine sites than all other plant communities (Fig. 5.4A, B).  Mean daily dry matter and DE 
intakes were relatively consistent across birch alpine and forest communities (Fig. 5.4A, 
B),but daily dry matter and DE intakes by caribou were highly variable across seral stages 
(Figs. I.3, I.4).  Lactating caribou obtained daily DE intakes high enough to satisfy peak 
lactation requirements, on average, only in willow alpine communities (Fig. 5.4B).  We 
documented the lowest mean daily dry matter and DE intakes at dry alpine sites where, on 
average, DE intakes were below requirements for all nutritional classes (Fig. 5.4A, B).  Non-
lactating caribou did not obtain enough daily digestible energy to satisfy DE requirements, on 
average, in any of the boreal forest PNVs, which was in contrast to the montane forests (Fig. 
5.4B). 
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Figure 5.4.  Arithmetic means (x̄ ± SE) for daily dry matter (A), digestible energy (B) and digestible 
protein (C) intakes by tame caribou in potential natural vegetation (PNV) communities in 
northeastern British Columbia across all seral stages (but see variability across seral stages in 
Appendix I).  Sample sizes for lactating, non-lactating, and yearling caribou observations by PNV 
community were: dry windwept alpine (ADry; n = 22, 25, 7), birch alpine (ABirch; n = 21, 4, 3), 
willow alpine (AWillow; n = 13, 1, 1), high-elevation spruce-fir forests (HighSF; n = 35, 34, 10), 
mid-elevation spruce-fir forests (MidSF; n = 55, 19, 8), boreal black spruce (BBS; n = 19, 18, 6), 
boreal treed rich fens (BTRF; n = 1, 12, 2), boreal white spruce (BWS; n = 49, 11, 13), and wetlands 
(W; n = 4, 3, 5).  Solid lines represent daily intake requirements at peak lactation; dashed lines are 
daily intake requirements for maintenance (at constant body mass) of non-lactating adults, as per 
National Research Council (2007).  Digestible protein (DP) requirements were derived from crude 
protein (CP) requirements assuming the following relationship: g ● day-1 DP = 0.651 (g ● day-1 CP) - 
43.5. 
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Digestible protein intake by caribou was more variable among PNV communities 
than dry matter or DE intakes (Fig. 5.4C).  As with dry matter and DE intakes, willow alpine 
sites, on average, afforded caribou much higher daily intake of DP per day than the other 
plant communities and they were the only community where protein intakes for all 
nutritional classes averaged above requirements (Fig. 5.4C).  Non-lactating caribou likely 
could achieve DP intakes to satisfy requirements in high-elevation and mid-elevation spruce 
fir forests, boreal treed rich fens, boreal white spruce communities, and some wetlands, given 
that lactating and yearling caribou (with higher requirements) were able to do so (Fig. 5.4C).  
Daily intakes of DP were lowest in boreal black spruce and dry alpine communities, and 
average DP intakes in both of these communities were below daily requirements. 
Based on the multilevel models for daily intakes adjusted for additional covariates, 
(Table 5.3), Julian day, as an index of phenological change, did not influence daily intakes of 
dry matter or DE in alpine communities.  In contrast, it had a negative effect on daily DP 
intakes — as the season progressed, daily intakes of DP declined.  In forests, all three daily 
intakes by caribou — (i.e., dry matter, DE, and DP) — declined as the summer progressed.  
The fit of both competing forest models (one with canopy cover and the other with stand age 
as a covariate) was essentially the same for all intakes (Table 5.3).  As the availability of 
accepted biomass increased in both alpine and forest communities, daily intakes of dry matter 
and DP by caribou were higher.  Caribou also obtained higher daily DE intakes in forests as 
accepted biomass increased (Table 5.3); a similar relationship was observed in the alpine, but 
the coefficient was not significant. 
The daily intakes of dry matter and digestible energy by caribou were significantly 
different among all three alpine communities (based on confidence intervals on marginal   
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Table 5.3.  Results from multilevel models of daily intakes of dry matter (DM), digestible energy 
(DE), and digestible protein (DP) by tame caribou in alpine and forest communities of northeastern 
British Columbia. 
Intake 
metric 
Model Parameter β SE P Log 
Likelihood* 
DM Alpine      
  Julian day -7.81 4.62 0.091  
  Accepted biomass† 1.01 0.47 0.033  
  PNV‡   <0.05  
  Nutritional class§   ns  
  Intercept 4400.70 1148.10 <0.001  
       
       
 Forest(S)     -2479.02 
  Julian day -11.60 3.85 0.003  
  Accepted biomass 2.35 0.35 <0.001  
  Stand age 0.34 1.41 0.811  
  PNV   ns  
  Nutritional class   <0.05  
  Intercept 5170.62 994.79 <0.001  
       
       
 Forest(C)     -2479.01 
  Julian day -11.51 3.83 0.003  
  Accepted biomass 2.35 0.35 <0.001  
  Canopy cover 1.00 3.59 0.781  
  PNV   <0.05  
  Nutritional class   <0.05  
  Intercept 5150.04 999.43 <0.001  
       
       
DE Alpine      
  Julian day -24.63 15.00 0.101  
  Accepted biomass 2.60 1.54 0.091  
  PNV   <0.05  
  Nutritional class   ns  
  Intercept 13582.02 3729.73 <0.001  
       
       
 Forest(S)     -2795.25 
  Julian day -39.53 11.39 0.001  
  Accepted biomass 7.31 1.04 <0.001  
  Stand age 1.25 4.16 0.764  
  PNV   <0.05  
  Nutritional class   <0.05  
  Intercept 15906.51 2938.45 <0.001  
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Intake 
metric 
Model Parameter β SE P Log 
Likelihood* 
 Forest(C)     -2795.28 
  Julian day -39.16 11.31 0.001  
  Accepted biomass 7.25 1.032 <0.001  
  Canopy cover 2.08 10.62 0.844  
  PNV   <0.05  
  Nutritional class   <0.05  
  Intercept 15877.11 2952.48 <0.001  
       
       
DP Alpine      
  Julian day -2.47 0.59 <0.001  
  Accepted biomass 0.16 0.06 0.010  
  PNV   <0.05  
  Nutritional class   ns  
  Intercept 704.68 147.75 <0.001  
       
       
 Forest(S)     -1778.82 
  Julian day -3.66 0.35 <0.001  
  Accepted biomass 0.15 0.03 <0.001  
  Stand age 0.20 0.13 0.127  
  PNV   <0.05  
  Nutritional class   <0.05  
  Intercept 947.71 90.61 <0.001  
       
       
 Forest(C)     -1779.80 
  Julian day -3.60 0.35 <0.001  
  Accepted biomass 0.14 0.03 <0.001  
  Canopy cover 0.20 0.33 0.550  
  PNV   <0.05  
  Nutritional class   <0.05  
  Intercept 946.36 91.30 <0.001  
*Because forest models (Forest(S) (stand age) and Forest(C) (canopy cover)) had the same number of 
parameters, we compared model fit using Log Likelihood values 
†Accepted biomass (kg ● ha-1) 
‡ Potential natural vegetation communities are: dry, birch, and willow alpine; high-elevation spruce-
fir, mid-elevation spruce-fir, boreal black spruce, boreal treed rich fen, and boreal white spruce 
forests 
§Nutritional classes of caribou are lactating, non-lactating, and yearling 
  
Table 5.3. (cont.) 
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means), but were not different among any of the forest communities (although seral stage 
was not included in the model).  Daily DP intakes were significantly higher in willow alpine 
than birch alpine or dry alpine.  In forest communities, daily DP was lower in boreal black 
spruce communities than in mid-elevation spruce-fir forests — caribou had similar intakes in 
all other PNV classes.  As with daily dry matter and DE intakes, daily DP intake was highly 
variable across seral stages (Fig. I.5).  In each of the alpine communities, we observed no 
significant differences in daily intakes of dry matter, DE, or DP among caribou of different 
nutritional classes.  Across all forest sites, however, these three daily intakes by lactating and 
yearling caribou were significantly greater than those of non-lactating caribou. 
When considering variable intakes across all the alpine and forest sites (as opposed to 
just means by PNV community), lactating caribou achieved daily intakes adequate to satisfy 
peak lactation demands for digestible energy at only 23% of all the sites we sampled (Fig. 
I.4).  These sites typically were willow alpine and early-seral forest sites, but included some 
mid- to late-seral forests.  In contrast, data from all nutritional classes of caribou at all sites 
indicate that maintenance requirements of non-lactating caribou for digestible energy could 
be achieved at 55% of the sites sampled.  Based on our estimates of digestible protein 
requirements, caribou with peak lactation requirements were able to satisfy requirements at 
only 24% of sites, whereas 59% of sites were adequate to satisfy daily protein requirements 
of non-lactating caribou (Fig. I.5).  Sites that provided caribou with adequate DP intake were 
similar to those that provided adequate DE intake, but these sites were not necessarily the 
same.  Lactating caribou achieved adequate daily intakes of both DE and DP at only 16% of 
sites sampled with lactating caribou (n = 1 in ADry, 4 in ABirch, 9 in AWillow, 7 in HighSF, 
5 in MidSF, 2 in BBS, 8 in BWS).  Compared to daily intake requirements of DE and DP for 
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non-lactating animals, 46% of sites sampled (with caribou of all nutritional classes) provided 
adequate daily intakes (n = 10 in ADry, 19 in ABirch, 15 in AWillow, 49 in HighSF, 32 in 
MidSF, 9 in BBS, 43 in BWS, and 4 in W). 
Discussion 
Nutritional resources available during summer influence population numbers and animal 
performance (White 1983; Post and Klein 1999), and they affect movements, habitat 
selection, and distributions of ungulates (White et al. 1975; Bischof et al. 2012; Merkle et al. 
2016).  This breadth of influence makes summer nutritional resources central to ungulate 
ecology, with implications to conservation and management.  Our study adds to a growing 
body of evidence supporting the hypothesis that north-temperate ungulates experience 
nutritional limitations during summer (Mysterud et al. 2001; McArt et al. 2009; Monteith et 
al. 2013; Cook et al. 2016).  Many plant communities available to caribou in northeastern BC 
were incapable of supporting nutritional demands of lactation or, in some cases, lower 
demands for non-reproductive animals.  Both digestible energy and digestible protein intakes 
often were below requirements, suggesting that both nutritional currencies are limiting for 
caribou during peak lactation in many plant communities. 
The presence and magnitude of nutritional limitations varied across PNV 
communities.  Typically, the most severe nutritional limitations were associated with 
communities that had low biomass of accepted forage species, afforded small average bite 
sizes, and where caribou achieved low intake rates.  Much of the accepted biomass at sites 
that were nutritionally inadequate was comprised of forages that afforded small bite masses 
such as lichens and berries (Chapter 3; Shipley and Spalinger 1992; Shipley 2007).  Although 
forage selection is likely the ultimate driver of intakes, low per-minute intake rates are the 
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proximate result of small bites and low quantities of accepted biomass (Chapter 3).  Caribou 
did increase foraging time when the available accepted biomass was low and bite sizes were 
small, but they could not compensate for the low per-minute intakes.  Consequently, where 
per-minute intakes were lowest, so were daily intakes (e.g., dry alpine, black spruce 
communities).  These results are consistent with other ungulates, including black-tailed deer 
(Odocoileus hemionus sitkensis Merriam, 1898) and elk (Cervus elaphus L., 1758) in the 
Pacific northwestern United States (Ulappa 2015; Cook et al. 2016).  Food options of caribou 
are limited to the quantity (and quality) of accepted biomass and if those foods afford only 
small bites, caribou are unlikely to satisfy nutritional demands.  If caribou are to make a 
living that supports survival and reproduction, they must leave those communities in search 
of better foraging opportunities elsewhere. 
Across northeastern BC, willow alpine communities were nutritionally superior to all 
other communities sampled and ~80% of willow alpine sites provided caribou with adequate 
daily intakes of DE and DP for peak lactation requirements.  Willow alpine sites were 
characterized by high quantities of accepted biomass (primarily willows) that allowed 
caribou to obtain large bites (Chapter 3), high-quality diets (both digestible energy and 
digestible protein; Chapter 4), and high intake rates.  Birch alpine sites were able to support 
non-lactating caribou and may be able to support lactating animals later in summer when 
nutritional demands for lactation are lower.  In contrast, daily intakes of DE and DP at dry 
alpine sites averaged below requirements for both lactating and non-lactating animals.  At 
dry alpine sites, however, nutritional resources were so limited and per-minute intake rates so 
low that non-lactating animals spent almost the same amount of time foraging as lactating 
animals (12.4 h ● day-1 for non-lactating vs. 12.5 h ● day-1 for lactating).  This contrasts a 
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general pattern whereby lactating and yearling caribou spent more time foraging each day 
than non-lactating caribou, likely because of higher nutritional demands for lactation and 
growth, and suggests that in plant communities where nutritional resources are severely 
inadequate, non-lactating animals must behave like lactating animals and spend more time 
foraging each day.  Dry alpine sites were more common than willow or birch sites where we 
sampled with the tame animals.  If this pattern is consistent across the landscapes where 
caribou live, then both lactating and non-lactating caribou may have few options in where 
they can forage to meet nutritional requirements, unless willow sites are relatively accessible.  
Although dry alpine sites were among the most nutritionally inadequate plant communities 
we sampled, there was an exception.  Two dry alpine sites sampled in September 2013 had 
an uncharacteristically high availability of mushrooms (because of very high precipitation in 
2013; Denryter et al. 2017; Chapter 2).  Even so, only one of the eight caribou observed at 
those sites could have met or exceeded daily DE and DP requirements for lactation, although 
four of the animals could have met maintenance requirements.  That animal’s diet was 
comprised almost entirely of mushrooms, which were far less abundant in dry and average 
precipitation years (Denryter et al. 2017; Chapter 2).  Given that precipitation is a driver of 
mushroom productivity (Büntgen et al. 2012) and we observed a remarkable difference in the 
nutritional value of a dry alpine plant community when mushroom productivity was high, we 
suspect the effects of climate change may have important nutritional implications to caribou 
in the future (Lenart et al.2002; Thompson and Barboza 2014), especially if precipitation 
alters plant productivity and quality. 
Forest sites that provided caribou with adequate energy and protein to meet daily 
requirements were characterized by productive and diverse understories that had high 
   
146 
 
quantities of accepted biomass — two attributes of willow alpine communities that also 
allowed caribou to satisfy requirements.  Daily intakes of DE and DP by caribou tended to be 
higher in montane than boreal forest communities, but the differences usually were small and 
statistically insignificant.  In forests where both daily DE and DP intakes were low (e.g., 
boreal black spruce communities), lichens, which are low in protein (Scotter 1968; Robbins 
1987; Johnstone et al. 2002) and have small bite masses (Chapter 3), were primary dietary 
items (Denryter et al. 2017; Chapter 2).  We were not able to account for differences in the 
nutritional values of forest communities across seral stages, which may be substantial (Figs. 
I.3–I.5).  Even small differences should not be discounted, however, because they can scale 
up to have disproportionately large multiplier effects (White 1983), including consequences 
to milk production, calf growth, fat accretion, and survival (Rognmo et al. 1983; Allaye 
Chan-McLeod et al. 1994; Cook et al. 2004; Gjøstein et al. 2004).  Small differences in diet 
quality and nutrient intakes may be the difference between a plant community being 
nutritionally suitable and nutritionally inadequate. 
Daily intakes of digestible energy and protein averaged below requirements for non-
lactating caribou in several forest communities, but the daily intakes of DE (and sometimes 
daily intakes of DP) by lactating and yearling caribou exceeded the requirements of non-
lactating caribou.  The lactating and yearling animals spent more time foraging each day than 
non-lactating caribou did, and therefore, non-lactating animals potentially may be able to 
satisfy daily DE requirements in all forests if they can increase daily foraging time.  It is 
unclear, however, what the confounding influences of body mass and body condition (i.e., 
state-dependency) may be on time allocated to foraging and ultimately to daily intakes.  The 
intakes by lactating caribou exceeded requirements for non-lactating caribou, but on average 
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were too low to satisfy nutritional requirements for peak lactation in forest communities (but 
see Figs. I.4, I.5).  As lactation requirements decline over summer, the differences between 
nutrient requirements and intakes would be less, however, it is important to recognize that 
this does not address requirements for accretion of body fat and protein stores.  Nonetheless, 
given the intakes we observed, lactating caribou frequenting many of the communities we 
sampled are probably in negative energy and negative protein balance for part of the summer, 
and would have a relatively short window to replenish body reserves in late summer and 
early-autumn, which has implications to breeding and overwinter survival (Cook et al. 2004). 
Forage quality peaks in spring-early summer and, theoretically, it is possible that 
caribou could have achieved higher energy and protein intakes before our sampling began in 
mid-summer (if this was after peak quality).  The value of plant communities to caribou 
during late spring and early summer depends on whether caribou can access resources and 
what intakes they are capable of achieving.  Insect harassment also peaks in early summer 
and can increase energy demands, reduce intake rates of animals, and may prevent caribou 
from accessing some foraging areas on the landscape (White and Trudell 1980; Helle and 
Tarvainen 1984; Toupin et al. 1996). 
Forest-dwelling Rangifer generally are considered to be dependent on mature or old-
growth forests (Seip 1998; Mahoney and Virgl 2003; Ferguson and Elkie 2004; Culling et al. 
2005; Kumpula et al. 2007) and peatlands (Bradshaw et al. 1995; Stuart-Smith et al. 1997; 
Rettie and Messier 2000) for lichens, but lichens are inadequate to support the nutritional 
demands of caribou in summer (Boertje 1990; reviewed by Miller 2000).  From a 
comparative nutritional perspective, old-growth, boreal black spruce forests and peatlands 
were typically characterized by low quantities of deciduous shrubs and most of the accepted 
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understory forage species did not afford large bites or result in high intake rates by caribou.  
Given that caribou, on average, did not satisfy daily energy or protein intakes for peak 
lactation at boreal black spruce (peatland) sites, it is unlikely that lactating caribou can 
simultaneously satisfy nutritional demands of lactation at these sites seek refuge from 
predators (e.g., Rettie and Messier 2000; Latham et al. 2011a). 
Our data suggest that daily intake rates by caribou tended to decline across a gradient 
from young to old forests (Figs I.3–I.5), which likely was related to differences in food 
availability (Trudell and White 1981; Wickstrom et al. 1984; Shipley and Spalinger 1992; 
Owen-Smith 1994).  Early-seral forests can provide a higher abundance of nutritional 
resources (e.g., DE, DP, daily DE intake) than later seral stages (Ulappa 2015; Cook et al. 
2016), but predation risk may be high (McLoughlin et al. 2005; Latham et al. 2011a; 
Dussault et al. 2012; Leblond et al. 2016).  Consequently, early-seral habitats have not been 
considered suitable for caribou (Jones 2007).  More recent work shows that caribou selected 
for early-seral forests in eastern Canada (Hins et al. 2009; Dussault et al. 2012; Pinard et al. 
2012; Leblond et al. 2016) and for proximity to early-seral forests in BC (Wilson and Demars 
2015).  Caribou using early-seral forests are likely seeking high quantity and quality of 
nutritional resources that may not be available in other plant communities on the landscape. 
The role of nutrition and its importance in population dynamics of caribou herds can 
be substantial and if enough individuals are nutritionally limited, population-level 
consequences may be imminent (White 1983; Post and Klein 1999; Cebrian et al. 2008; 
Kerby and Post 2013).  Previous studies evaluating the potential of nutritional limitations for 
caribou may not have accounted for methodological limitations or interactions between 
nutrition and other limiting factors (Brown et al. 2007).  For example, high pregnancy rates 
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in caribou herds have been interpreted to be evidence against the presence of nutritional 
limitations (Wittmer et al. 2005; Courtois et al. 2007).  High pregnancy rates, however, do 
not preclude the possibility of nutritional limitations within a population, particularly if calf 
mortality is high (Gerhart et al. 1997).  Females that lose calves may be able to replenish 
body reserves to achieve breeding condition by autumn because they have reduced nutritional 
demands (Cook et al. 2004; Cook et al. 2013).  In contrast, lactating females, which are the 
most nutritionally sensitive part of a population, may not be able to accrue enough body 
reserves to successfully breed if nutrition is limiting, and hence pregnancy rates of lactating 
animals specifically may be a better index of the nutritional quality of habitats than 
pregnancy rates for all reproductive females (Cook et al. 2004; Cook et al. 2013).  In 
addition, Cook et al. (2004) found that the probability of breeding was the least sensitive of 
nutritional metrics measured to assess nutrition; i.e., levels of nutrition that substantially 
impacted body reserves in adults, growth rate of sub-adults, and susceptibility to severe 
winter conditions had minimal impacts on pregnancy rates.  In our study, lactating caribou 
were able to satisfy requirements for digestible energy or protein (for peak lactation) at <50% 
as many sites as non-lactating caribou.  Caribou that cannot satisfy nutritional requirements 
and accrete body reserves may experience negative consequences to performance.  When 
nutritional condition of females is low, they may delay breeding (and thus parturition) and 
(or) produce weak neonates with low probabilities of survival, in part due to increased 
susceptibility to predation (Rognmo et al. 1983; Skogland 1990; Fairbanks 1993; Mech 
2007); they may fail to breed or experience breeding pauses (eliminating their ability to 
contribute to population recruitment in some years); or they may face reduced probability of 
overwinter survival and thus have no potential to contribute to the population thereafter 
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(Reimers et al. 1983; Allaye Chan-McLeod et al. 1994; Gerhart et al. 1997; Cook et al. 
2004).  In addition, these limitations on adults translate into limitations to calf performance 
(e.g., growth rates, body size/mass entering winter, age of primiparity, and probability of 
overwinter survival; Reimers 1983; Crête and Huot 1993; Valkenburg et al. 2003; Dale et al. 
2008).  If nutrition limited only one aspect of performance (e.g., pregnancy rates), then the 
impact to populations would probably be relatively low.  The cascading impact of nutrition 
over a wide suite of performance measures, however, has the potential to limit caribou at a 
population level. 
The extent of energy and protein limitations for boreal and northern caribou 
ultimately depends on how caribou select nutritional resources across the landscape.  Boreal 
caribou presumably must move between black spruce bogs and poor fens, which others 
postulate may be refugia from predators (Rettie and Messier 2000; McLoughlin et al. 2005; 
Latham et al. 2011a), and nutritionally superior treed rich fens and white spruce forests with 
abundant, high-quality forage.  In the mountains, caribou may use alpine areas to space away 
from predators (Seip 1992; Gustine et al. 2006), but much of the alpine in our study area was 
dry and nutritionally inadequate for caribou.  Northern mountain herds with access to willow 
alpine habitats (e.g., Pink Mountain herd) likely fare better from a nutritional perspective 
than herds occupying drier ranges (e.g., Quintette and (recently extirpated) Burnt Pine herds; 
Johnson et al. 2015).  Caribou without access to productive willow alpine communities may 
have to make short, altitudinal movements to productive subalpine parklands and forests to 
access better nutritional resources (Gustine and Parker 2008) if they are to satisfy nutritional 
requirements during summer. 
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Our results suggest that, in terms of nutritional resources, critical habitat for caribou 
in northeastern BC includes willow-dominated communities in the alpine, and forests with 
productive understory vegetation accepted by caribou in montane and boreal ecosystems.  
Even with access to these communities, caribou must contend with insect harassment, 
predation risk, disturbance, and other impediments to foraging.  Caribou that do not have 
access to productive plant communities with an abundance of accepted deciduous shrubs and 
forbs during summer are unlikely to satisfy nutritional requirements, with implications to 
population status.  Given the nutritional limitations in PNV communities throughout 
northeastern BC, caribou must have habitat options that allow them to select and forage 
better than the means documented in our study if they are to survive and reproduce on the 
landscape.
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CHAPTER 6: MAPPING FOODSCAPES FOR A THREATENED ECOTYPE OF 
WOODLAND CARIBOU: A PILOT STUDY 
Abstract 
Distributions of forage resources and their nutritional values are heterogeneous across 
landscapes, which influences how animals perceive and use the landscape.  Foodscapes, as 
spatially explicit representations of how foragers perceive resources, can be used to link 
animals with their habitats.  From detailed observations of foraging by tame caribou 
(Rangifer tarandus L., 1758), we quantified per-minute and daily intake values of digestible 
energy (DE) and digestible protein (DP) in plant communities available to a threatened herd 
of boreal caribou (R. t. caribou Gmelin, 1788).  We mapped these nutrient intakes as 
foodscapes for the Chinchaga caribou herd in northeastern British Columbia (BC).  From 
telemetry locations of the free-ranging caribou, we compared the nutritional currencies of 
home ranges and locations within those ranges used by caribou to random ranges and random 
locations.  If our foodscape was representative of the nutrient intakes available to the wild 
caribou, we hypothesized they would select for areas with higher nutrient intakes.  Instead, 
caribou were less likely to use an area as a home range if values of daily DE and DP intakes 
increased.  Likewise, caribou were less likely to use locations within home ranges as values 
of per-minute intakes of DE and DP increased.  Thus, contrary to our hypothesis, caribou in 
our study area appeared to select for areas with nutrient intakes so low that even non-
lactating females could not meet maintenance nutritional requirements.  These results 
strongly suggest the preliminary foodscapes developed for this pilot study based on energy 
and protein intakes for caribou were not reflective of the nutritional resources available 
across our study area.  We suspect low accuracy and coarse resolution of available spatial 
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data layers contributed to our findings.  Caribou also may have selected for better than the 
mean nutrient intake values; may have selected for food quantity; and (or) other factors may 
have confounded our ability to specifically isolate the role of nutrition in habitat selection.  
Hence, the foodscapes and spatial data layers used to build them should be refined and 
modified to better reflect the heterogeneity of the nutritional landscape that caribou exist on 
in the boreal forests of northeastern BC. 
Introduction 
Forage resources are heterogeneous across landscapes and food landscapes or “foodscapes” 
are spatially explicit representations of how these resources are perceived by foragers (Searle 
et al. 2007), based on fine-scale studies of foraging ecology.  Foodscapes provide a way to 
assess changes in the forage base for animals, as well as increase understanding of how the 
nutritional values of forage resources influence animal distributions, seasonal movements, 
and population dynamics (Searle et al. 2007; van Beest et al. 2010; Avgar et al. 2015; 
McGreer et al. 2015; McNeill 2015; Proffitt et al. 2016; Cook et al. In review).  Because 
foodscapes effectively link animals with their resources, they allow for inferences from 
habitat selection studies to go beyond the question of ‘where’ animals live and start 
answering ‘why’ animals live where they do (Garshelis 2000; Morrison 2001).  Because 
forage influences the landscape ecology of ungulates, defining foodscapes may be important 
to the conservation of boreal woodland caribou, which are ‘threatened’ throughout their 
range in Canada (British Columbia Ministry of Environment 2010; Committee on the Status 
of Endangered Wildlife in Canada 2014). 
Foraging responses and food selection vary with changes in the quantity and quality 
of food supplies (Trudell and White 1981; Wickstrom et al. 1984; Shipley and Spalinger 
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1992; Cook et al. 2016).  The amount of food available directly affects intake rates (Trudell 
and White 1981; Wickstrom et al. 1984; Chapter 3), which may drive animals to select 
habitats with greater quantities of food (Van der Wal et al. 2000).  Quality of food indexes 
the value of various nutritional currencies (e.g., energy and protein) available to animals, and 
quality alone can drive habitat selection by ungulates (White et al. 1975; Gustine et al. 2006; 
Zweifel-Schielly et al. 2009).  When forage quality declines (or high-quality food is limited), 
however, food quantity can increase in importance to foragers (Vivas and Saether 1987; 
Rachlow and Bowyer 1998; Hansen et al. 2009).  Because of interactions between forage 
quality and quantity, it is important to assess selection relative to both for free-ranging 
animals.  Tame animals, which represent their wild counterparts, can be used as a habitat 
assessment tool to define what quantity and quality are from the animal’s perspective (e.g., 
Rominger et al. 1996; Parker et al. 1999; Cook et al. 2016). 
Quantity and quality of forage resources vary throughout the year and northern 
ungulates have evolved an annual cycle that attempts to synchronize nutritional requirements 
with the availability and quality of resources (Post et al. 2003).  During winter, forage quality 
and quantity are lowest, as are nutritional requirements of northern ungulates.  Quality and 
quantity of forage resources peak in spring–summer, coinciding with the most energetically 
expensive time of year for northern ungulates.  In late spring–early summer, lactating 
females incur elevated energy and protein costs associated with milk production and calf 
rearing (White and Luick 1984; Clutton-Brock et al. 1989).  Juveniles have high nutritional 
demands for growth and all animals must accrete fat and protein reserves during the short 
growing season (Reimers et al. 1983; Allaye Chan-McLeod et al. 1994; Rönnegård et al. 
2002).  Failure to accrete adequate reserves may delay or preclude breeding in autumn and 
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can reduce an animal’s probability of surviving winter (Festa-Bianchet 1988; Adams and 
Dale 1998; Adams 2005; Feder et al. 2008).  When quantity and quality of summer forage 
resources are limited, nutritional effects can scale up from individuals to populations (Post 
and Forchhammer 2008; Kerby and Post 2013). 
Habitat selection is a hierarchical process that varies across spatial and temporal 
scales.  Spatially, many studies assess second-order selection of home ranges and third-order 
selection of resources (locations) within the home range (Johnson 1980) because of their 
relevance to management.  Forage varies across these scales and ungulate responses to this 
variation are scale-dependent (Johnson et al. 2001; van Beest et al. 2010).  At finer spatial 
scales (e.g., locations within habitats within home ranges), foragers select which species to 
consume and this affects per-minute intakes and diet quality (see Chapters 3, 4).  At coarser 
spatial scales (e.g., seasonal home ranges), foraging responses likely vary at longer time 
scales.  Thus, measurements of daily intake rates may be more appropriate to assess the 
nutritional value of home ranges.  For ungulates, habitat selection for forage often occurs at 
relatively fine scales (Rettie and Messier 2000; Hebblewhite and Merrill 2009; Bastille-
Rousseau et al. 2015), but can occur at coarse spatial scales as well (van Beest et al. 2010), 
which is why examining selection at multiple scales is important. 
In previous work, we documented food habits, intake rates, and diet quality of caribou 
in the boreal forest (Denryter et al. 2017; Chapters 2–5).  We used those data, collected from 
foraging observations of tame caribou, in a pilot study to generate preliminary foodscapes for 
the summer range of the Chinchaga caribou herd in northeastern British Columbia (BC).  For 
this pilot study, we chose per-minute and daily intakes of digestible energy (DE) and 
digestible protein (DP) to represent the nutritional value of cells in the foodscapes.  Our 
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objective was to develop preliminary foodscapes to assess the potential for whether fine-scale 
foraging data can be used to predict nutritional values of forage resources available to boreal 
woodland caribou at coarse-landscape scales.  We hypothesized that if our preliminary 
foodscapes were representative of the nutritional landscape, then caribou should select for 
high digestible energy (DE) and digestible protein (DP) intakes that would help caribou 
satisfy nutritional requirements.  To test the validity of our foodscapes, we assessed second- 
and third-order habitat selection by caribou relative to DE and DP intakes. 
Methods 
In northeastern BC, the range of the Chinchaga caribou herd covers an area of approximately 
13,979 km2 in the Taiga Plain and Boreal Plain ecozones.  The range lies between Fort St. 
John and the Fontas River (56° 38’ and 58° 22’ N), with an east–west extent from the BC-
Alberta border to the Beatton River (120° 0’ and 121° 38’ E; Culling et al. 2004; Rowe 2007; 
Fig. 6.1).  Over the entire range of the Chinchaga herd (31,626 km2, extending into Alberta), 
only 24% of the habitat is not disturbed and a majority of this disturbance is from 
anthropogenic activities (Environment Canada 2012).  The primary industrial activity in the 
area is extraction of petroleum and natural gas resources; as of 2011 there were tenures for 
development across >65% of boreal caribou ranges in BC (British Columbia Ministry of 
Environment 2011). 
The Boreal White (Picea glauca (Moench) Voss and Black Spruce (Picea mariana 
(Mill.) Britton, Sterns & Poggenb.); BWBS) biogeoclimatic ecosystem classification (BEC) 
zone (Meidinger and Pojar 1991) extends across the range of the Chinchaga herd in BC.  
White spruce dominates late-successional forests on nutrient-rich sites in the BWBSmw 
(moist-warm) and BWBSmk (moist-cool) BEC classes, which we grouped together as boreal  
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Figure 6.1.  Study area for assessing selection of boreal caribou relative to foodscapes generated from 
nutritional values of potential natural vegetation (PNV) communities.  The provincial BC-Alberta 
border represents 120° W and is oriented north-south.  The range outlined for the Chinchaga caribou 
herd is from British Columbia Ministry of Environment - Ecosystems Branch (2015) and represents 
only the BC portion of this range. The reference map (top left) shows the location of the study area 
(black) within BC (light grey), Canada (dark grey).  All PNV communities and associated seral stages 
are described in Table 6.1.  
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Table 6.1.  Potential natural vegetation (PNV) communities and seral stages as determined by age and leading species from vegetation resources 
inventory (VRI; British Columbia Ministry of Forests Lands and Natural Resource Operations 2014) data and land cover classes from enhanced 
wetland classification (EWC; Ducks Unlimited Canada 2012) for the range of the Chinchaga caribou herd in northeastern British Columbia. 
PNV Community Seral 
Stage 
VRI Age VRI Leading 
Species * 
VRI Leading 
Species 2† 
EWC Class§ 
Boreal White 
Spruce dry 
(BWSdry) 
 
 
Early 0 – 30 SW, SEW, 
SXW, SE, SX, 
S 
PL, PLI, SW, 
SEW, SXW, SE, 
SX, S 
Treed poor fen, graminoid poor fen, shrubby poor fen, 
shrubby bog, meadow marsh, conifer swamp, 
mixedwood swamp, upland deciduous, upland other, 
upland conifer, upland pine, upland mixed wood, burn 
     
Mid >30 – 66 PL, PLI  Treed poor fen, graminoid poor fen, shrubby poor fen, 
shrubby bog, meadow marsh, conifer swamp, 
mixedwood swamp, upland deciduous, upland other, 
upland conifer, upland pine, upland mixed wood 
     
Late >66 SW, SEW, 
SXW, SE, SX, 
S 
PL, PLI, SW, 
SEW, SXW, SE, 
SX, S 
Treed poor fen, graminoid poor fen, shrubby poor fen, 
shrubby bog, meadow marsh, conifer swamp, 
mixedwood swamp, upland deciduous, upland other, 
upland conifer, upland pine, upland mixed wood 
      
Boreal White 
Spruce mixed 
shrub (BWSms) 
 
 
Early 0 – 30 SW, SEW, 
SXW, SE, SX, 
S 
AT, AC, ACT, 
BA, EA, EP, 
SW, SEW, 
SXW, SE, SX, S 
Treed poor fen, graminoid poor fen, shrubby poor fen, 
shrubby bog, meadow marsh, conifer swamp, 
mixedwood swamp, upland deciduous, upland other, 
upland conifer, upland pine, upland mixed wood, burn 
     
Mid >30 – 65 AT, AC, ACT, 
BA, EA, EP 
 Treed poor fen, graminoid poor fen, shrubby poor fen, 
shrubby bog, meadow marsh, conifer swamp, 
mixedwood swamp, upland deciduous, upland other, 
upland conifer, upland pine, upland mixed wood 
     
Late >65 SW, SEW, AT, AC, ACT, Treed poor fen, graminoid poor fen, shrubby poor fen, 
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PNV Community Seral 
Stage 
VRI Age VRI Leading 
Species * 
VRI Leading 
Species 2† 
EWC Class§ 
SXW, SE, SX, 
S 
BA, EA, EP, 
SW, SEW, 
SXW, SE, SX, S 
shrubby bog, meadow marsh, conifer swamp, 
mixedwood swamp, upland deciduous, upland other, 
upland conifer, upland pine, upland mixed wood 
      
Boreal Black 
Spruce Bog- Poor 
Fen (BBSbf) 
 
Early 0 – 40 SB, S SB, LA, LT Graminoid poor fen, conifer swamp, hardwood swamp, 
mixedwood swamp, open bog, shrub swamp, shrubby 
bog, treed bog, treed poor fen, meadow marsh, burn 
     
Mid >40 – 100 SB, S SB, LA, LT Graminoid poor fen, conifer swamp, hardwood swamp, 
mixedwood swamp, open bog, shrub swamp, shrubby 
bog, treed bog, treed poor fen, meadow marsh 
     
Late > 100 SB, S SB, LA, LT Graminoid poor fen, conifer swamp, hardwood swamp, 
mixedwood swamp, open bog, shrub swamp, shrubby 
bog, treed bog, treed poor fen, meadow marsh 
      
Boreal Black 
Spruce Upland 
(BBSUpl)  
- - SB, S SB, LA, LT Upland conifer, upland deciduous, upland mixedwood, 
upland pine 
      
Treed Rich Fen - - LA, LT, BS, 
WS 
LA, LT Shrub swamp, shrubby rich fen, treed rich fen, 
emergent marsh, graminoid rich fen 
      
Marsh-Fen - - - - Shrub swamp, shrubby rich fen, treed rich fen, 
emergent marsh, graminoid rich fen 
      
Burn - - - - Burn 
Cutblock - - - - Cutblock 
Table 6.1 (cont.) 
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PNV Community Seral 
Stage 
VRI Age VRI Leading 
Species * 
VRI Leading 
Species 2† 
EWC Class§ 
Anthropogenic     Roads, well pads 
Aquatic - - - - Aquatic bed, mudflats, open water 
Other - - - - Agriculture, unclassified, cloud 
*Leading species abbreviations are: (S) spruce, (SW) white spruce, (SE) Engelmann spruce, (SC) spruce cross, (SXW) white spruce cross, (SEW) 
Engelmann and white spruce cross, (SB) black spruce, (AC, ACT) black cottonwood, (AT) trembling aspen, (BA) balsam fir, (EA, EP) paper 
birch, (LA, LT) tamarack, (PL, PLI) lodgepole pine 
†VRI leading species 2 was used for classification when VRI leading species alone was inadequate to classify communities (e.g., when leading 
spp. was ‘S’ for spruce, and to distinguish mixed-shrub and dry white spruce types) 
§Enhanced wetland classification classes from Ducks Unlimited Canada.  Python codes for calculating PNV-seral stage combinations are provided 
in Appendix K 
Table 6.1 (cont.) 
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white spruce (BWS) (Table 6.1).  Mid-successional white spruce forests, largely resulting 
from the Chinchaga Fire in 1950, on mesic, well-drained sites may be dominated by 
trembling aspen (Populus tremuloides Michx.), balsam poplar (Populus balsamifera L.), 
balsam fir (Abies balsamea (L.) Mill), or paper birch (Betula papyrifera Marshall).  These 
mesic white spruce forests are referred to herein as boreal white spruce mixed shrub 
(BWSmixed) and are more productive than dry sites (BWSdry) dominated by lodgepole pine 
(Pinus contorta Douglas ex. Loudon).  Common understory species include wild rose (Rosa 
acicularis Lindl.), willow (Salix spp. L.), fireweed (Epilobium angustifolium L. = Chamerion 
angustifolium (L.) Holub), green alder (Alnus crispa (Aiton) Pursh = Alnus viridis ssp. crispa 
(Aiton) Turrill), and paper birch. 
Black spruce dominates the canopy in boreal black spruce bogs and poor fens 
(BBSbf), boreal black spruce uplands (BBSUpl), and boreal treed rich fens (BTRF; Ducks 
Unlimited Canada 2014; Table 6.1).  Boreal black spruce-bogs and poor fens are nutrient-
poor peatlands or muskegs that occur on poorly drained lowlands.  Here, stunted (<10 m tall) 
black spruce is the dominant tree species (>25–60% cover; Ducks Unlimited Canada 2014).  
Labrador tea (Ledum groenlandicum Oeder = Rhododendron groenlandicum (Oeder) Kron & 
Judd), leatherleaf (Chamaedaphne calyculata (L.) Moench), crowberry (Empetrum nigrum 
L.), bog rosemary (Andromeda polifolia L.), and lingonberry (Vaccinium vitis-idaea L.) are 
dominant vascular plants in the understory and Sphagnum L. mosses covers >20% of the 
ground.  Tamarack (Larix laricina (Du Roi) K. Koch) distinguishes poor fens from bogs 
(Ducks Unlimited Canada 2014).  Poor fens also may have sparse dwarf birch (Betula 
glandulosa Michx.) or willows present.  Treed rich fens are productive sites dominated by 
stunted black spruce (>25–60% cover) and tamarack (>5% cover).  Dominant understory 
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species include dwarf birch, sweet gale (Myrica gale L.), and willows <2 m tall, and 
Sphagnum mosses cover <20% of the area (Ducks Unlimited Canada 2014). 
Caribou Locations, Home Ranges, and Generation of Random Ranges and Locations 
Location data for free-ranging caribou in the Chinchaga herd were provided by the BC 
Ministry of Forests, Lands, and Natural Resources Operations.  These animals were captured 
and fitted with global positioning system (GPS) satellite collars (ATS Iridium, Isanti, 
Minnesota, USA; Vectronic Vertex, Berlin, Germany; and Lotek LifeCycle, Newmarket, 
Ontario, Canada) during the winters of 2013–2015 as part of recovery plans for boreal 
caribou in BC (British Columbia Ministry of Environment 2011; Environment Canada 2012; 
Culling and Culling 2014; Culling 2016).  Collars were set to collect fix locations at 8-h 
intervals and we used fixes obtained from 15 June–1 October in 2013–2015.  The range of 
the Chinchaga caribou herd is primarily within BC, but some caribou do travel between BC 
and Alberta.  The datasets we used to classify potential natural vegetation (PNV) 
communities and land-cover class did not extend outside BC, so we excluded collar data 
from caribou with ≥5% of GPS locations outside of BC.  The number of radiocollared 
animals varied by year depending on mortality and deployment of new collars. 
We assessed animal use at two scales of habitat selection: second order (choosing a 
seasonal home range on the landscape) and third order (choosing locations within that range; 
Johnson 1980).  Because the landscape changed across years (e.g., due to wildfires), we 
defined use (home range and use locations) and availability (five random ranges or locations 
per use metric) for each animal in each year.  We calculated the 95th longest movement 
distance (95th centile) between consecutive 8-h fixes using STATA 14 (CENTILE in 
STATA; StataCorp 2016) and generated a buffer with a radius equal to the 95th longest 
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movement distance around each used location.  We then determined the extent and area of 
the used home range after dissolving these buffers with the dissolve tool in ArcMap 10.4 
(Environmental Systems Research Institute; 2016) for each animal-year.  We used a macro in 
Microsoft Excel® 2007 (Microsoft Corporation 2007) to generate five random centroids two 
to five times the distance of the 95th longest movement away and in a random direction from 
the centroid of the used home range.  Around each of the random centroids, we placed 
circular random ranges equivalent in size to the used home range — random home ranges 
were constrained to fall within BC.  To assess selection within home ranges, we also used the 
95th longest movement distance to determine random points.  For each used location, we 
generated five random points in a macro in Microsoft Excel® 2007 (Microsoft Corporation 
2007) within a circular buffer with radius equal to that 95th longest movement distance from 
that location. 
Because we allowed random home ranges to be within up to five times the 95th 
longest movement distance, we used that distance from the centroid of caribou home ranges 
to generate the initial extent of the study area.  This distance, however, exceeded the spatial 
extent of the Ducks Unlimited Enhanced Wetland Classification (EWC; Ducks Unlimited 
Canada 2012), so we clipped the study area to the extent of the EWC layer (Fig. 6.1).  The 
study-area extent also crossed into Alberta, so we further clipped the final extent of the study 
area to the BC vegetation resources inventory (VRI) data in BC (British Columbia Ministry 
of Forests Lands and Natural Resource Operations 2014).  We limited the southern extent of 
the study area to VRI map sheet 93P, which included Fort St. John and urban and agricultural 
land cover classes that are not caribou habitats and may create a barrier to movement of 
caribou. 
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Classification of Potential Natural Vegetation Communities and Nutritional Values 
Equations to predict nutritional responses of caribou from plant community attributes are not 
yet available and thus our ability to map nutritional values across the landscape in terms of 
DE and DP intakes for caribou may have been limited.  In this pilot study, we used mean 
values across PNVs and seral stages, from data presented in chapters 2–5, of nutrient intake 
rates in different boreal plant communities to demonstrate how foodscapes could be used 
with caribou location data.  We suspect that our foodscape generated from means represented 
the relative value of habitats available (highest to lowest), but not necessary the absolute 
value. 
All geoprocessing was completed in ArcMap 10.4 (Environmental Systems Research 
Institute; 2016).  First we evaluated the VRI and EWC data against caribou pen locations, 
comparing our data to the PNV type we recorded.  Next we merged leading tree species (i.e., 
dominant tree species) from VRI into white spruce, black spruce, and tamarack (fen)-type 
communities (Table 6.1).  White spruce communities could be white spruce-leading (late 
seral) or they could have leading species indicative of dry or mesic, mid-seral stages (Table 
6.1).  Stand ages were recorded along with a general seral stage at field sites in the study area 
(boreal sites in Chapters 2, 4, 5) and were used to inform our break points between seral 
stages (Table 6.1).  Late-seral forests were indicated by the presence and dominance in the 
canopy of tree species associated with late-successional stages and climax plant communities 
(i.e., black spruce, white spruce, tamarack; J. G. Cook, personal communication).  Climax 
tree species were not yet dominant at mid-seral sites, but were abundant in proportions 
similar to earlier-seral tree species (e.g., aspen, lodgepole pine; J. G. Cook, personal 
communication).  Early-seral forests may have had early-successional species (e.g., 
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trembling aspen, lodgepole pine) dominating the canopy or may not have had a canopy at all 
(depending on stand age), and generally had high abundance of shrubby and herbaceous 
vegetation.  Additional analyses may be needed to finalize successional profiles for PNVs in 
this study area. 
After combining leading species, we intersected the VRI and EWC datasets with the 
used home-range and random home-range layers for the Chinchaga caribou.  Using 
combinations of leading tree species (VRI) and land cover classes from the Ducks Unlimited 
EWC, we created a new category called potential natural vegetation (PNV) community that 
also included some non-vegetated landcover classes (Appendix K).  These communities were 
boreal white spruce (mixed shrub), boreal white spruce (dry), boreal black spruce bog or poor 
fen, boreal black spruce upland, aquatic, marsh-fen (non-treed wetlands), treed rich fen, burn, 
(forest) cutblock, anthropogenic (roads, well pads), and other (unclassified, agriculture, cloud 
shadow, and cloud cover classes from EWC).  Next we used the age attribute from VRI data 
to determine the seral stage of PNV communities (Table 6.1) unless they had previously been 
assigned a seral stage (e.g., mid-seral white spruce types in the leading species merges, 
Appendix K).  Sites that had no leading species in the VRI data were categorized using EWC 
classes as indicated in Table 6.1 and Appendix K.  We accounted for wild fires that occurred 
after the images (ca. 1998) used to produce the EWC layer were collected by adding BC 
wildfire polygons from 1999–2015 to our analyses (British Columbia Ministry of Forests 
Lands and Natural Resource Operations 2016).  We created annual layers of PNV 
communities and associated seral stages for 2013–2015 based on changes in burn extent. 
For each PNV community-seral stage, we assigned a mean value for several 
nutritional currencies.  These values were from data collected during foraging trials with 
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tame lactating, non-lactating, and yearling caribou (Chapters 3–5) in each of the PNV 
community-seral stages.  Nutritional currencies were per-minute intakes of DE and DP, and 
daily intakes of DE and DP.  Late-seral, dry white spruce forests were assigned the same 
value as mid-seral, dry white spruce forests as we did not have any samples with caribou for 
those sites and mid-seral sites were the most similar.  Black spruce uplands were all assigned 
one value as we did not have samples across seral stages.  Burn (from the previous year and 
earlier) and cutblock classes were assigned the mean value of all early-seral forest 
communities (black spruce, white spruce dry and mixed shrub sites).  Some classes were 
assigned a value of zero for nutritional currencies (e.g., aquatic, anthropogenic, burns during 
the current fire season).  We removed ‘other’ category areas from our analyses as we did not 
have an estimate of nutritional values for these sites.  Any used (and their associated random 
points) or random points that were categorized as ‘other’ were removed as were ‘other’ areas 
from used and random home ranges.  We used the resulting PNV community-seral stage 
combinations and associated nutritional estimates to derive different foodscapes available to 
caribou. 
Used and random home ranges and used and random locations were intersected with 
PNVs and associated nutritional estimates to determine the value of nutrient intakes 
associated with each home range or point.  Values for location data (i.e., random and used 
points) were taken directly from the intersection.  For used and random home ranges, we 
calculated the proportion of each home range comprised of each PNV community and 
multiplied this proportion by the assigned value for each nutritional currency.  We used the 
sum of these values to derive an overall value of each nutritional variable for each home 
range.  We assessed selection of home ranges on the landscape relative to daily DE intake 
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and daily DP intake.  For selection within home ranges, we used per-minute intake of DE and 
per-minute intake of DP. 
Statistical Analyses 
We conducted all analyses of selection by caribou in STATA 14 (StataCorp 2016).  Because 
fix success rate was highly variable for the telemetered caribou (range 36–89%), we 
conducted preliminary analyses to examine potential effects of the data acquisition.  We 
randomly re-sampled the GPS locations of animals with the eight highest fix success rates 
beginning at 90% and reducing sampling at 10% increments down to 40% and then a 5% 
increment to 35% (thereby, encompassing the range in fix success rates of all the telemetered 
caribou).  We used the data within these increments to calculate home-range sizes and found 
no relationships between fix success rate and home-range size, which allowed us to use the 
data for all animals in analyses of selection of home ranges on the landscape.  For the within 
home-range analyses, we used an incremental approach to compare findings from models 
using data for the top eight animal-year combinations (fix success rates down to 74%), 
followed by the inclusion of animals with progressively lower fix success rates.  Model 
outcomes did not differ when we used rates of 74%, 50%, or 40%, and hence, all of these 
data were used in within home-range analyses.  Animals with fix success rates <40% were 
excluded from analyses of use within home ranges. 
For second-order (home-range) selection models, we used conditional logistic 
regression (CLOGIT in STATA), which allowed us to match used with random home ranges 
by animal-year.  Although appropriate for this type of data, conditional logistic regression 
did not allow us to track individuals across years, resulting in our having to treat different 
animal-year home ranges as independent samples (i.e., a different selection of home range in 
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each year).  For third-order (within home-range) selection models, we used multilevel mixed-
effects logistic regression (MEQRLOGIT in STATA, hereafter multilevel models) with 
random intercepts for individuals, which allowed us to track individuals as a random effect, 
accounting for marked differences in the number of GPS fixes per animal.  Year was 
included in all models to account for any annual differences related to different individuals, 
different animal numbers, and differences in behaviour.  We used daily digestible energy and 
digestible protein intakes at the scale of the home range and we used per-minute intakes of 
digestible energy and digestible protein within home ranges.  Top models were determined 
using Akaike’s Information Criterion corrected for small sample size (AICc; Burnham and 
Anderson 2002).  Models were considered competing if ∆AICc between models ≤2.  For 
conditional logistic regression, k was the number of parameters in the model, whereas for 
multilevel models k was equal to the number of parameters in the fixed portion of the model 
plus one for the random intercept (Skrondal and Rabe-Hesketh 2004).  We also calculated 
Akaike weights (wi) to examine the weight of evidence for each model within the model sets 
(Burnham and Anderson 2002). 
Results 
Preliminary accuracy assessments of the leading species in the VRI data was 65% based on 
data we collected at a small number of field sites.  We could not complete an accuracy 
assessment for the EWC layer because plant communities that had substantially different 
nutritional values to an animal were clumped into one class in the EWC.  For example, the 
‘Conifer Swamp’ class in the EWC had three different PNV communities (boreal black 
spruce, boreal treed rich fen, boreal white spruce). 
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We used 6,813 GPS locations of collared caribou in 15 PNV communities during the 
summers and early autumns of 2013–2015 (Table 6.2).  For the second-order (home-range) 
analyses, we obtained data for 44 animal-year combinations (10 animals in 2013, 15 animals 
in 2014, and 19 animals in 2015).  For these analyses, we had six animals across all three 
years, six animals in two years, and 14 animals in one year.  Within home-range analyses 
were based on 38 animal-year combinations (eight animals in 2013, 13 in 2014, and 17 in 
2015).  For within home-range analyses we used five animals in all three years, six in two 
years, and 11 in one year.  The summer-early autumn (15 Jun.–1 Oct.) range size averaged 
545 ± 69 km2 (range = 85–2,742 km2; the largest home range was >2 times the area of the 
next largest home range — 1,265 km2). 
The greatest proportions of locations (totaling two-thirds of all locations) used by 
collared caribou were in mid- and late-seral boreal black spruce bog-poor fens (Fig. 6.2, 
Table 6.2).  These communities had low values of DE and DP intake that would not support 
lactating or non-lactating caribou (DE: <40 kJ ● min-1 and DP: <0.1 g ● 100 g-1; Figs. 6.3A, 
B).  Treed rich fens accounted for 18% of used locations (Fig. 6.2, Table 6.2), and seven 
PNV communities each accounted for <1% of all used locations and included aquatic, early-
seral boreal black spruce bog-poor fen, early-seral boreal white spruce mixed shrub, burn, 
cutblock, and marsh-fen communities (Table 6.2).  More caribou locations were in boreal 
black spruce types than boreal white spruce types, and more locations were in dry than mixed 
shrub boreal white spruce communities (Fig. 6.2, Table 6.2).   
Caribou home ranges on the landscape suggested caribou were avoiding areas with 
higher daily DP intake (Fig. 6.3, Table 6.3).  There was a 43% decrease in use for every one-
unit increase in daily DP intake (β = -0. 558, P ≤ 0.001; example home-range foodscapes are 
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Figure 6.2.  Mean (± SE) proportion of locations of individual radio-collared caribou in the Chinchaga herd and proportion of study area within 
potential natural vegetation communities of northeastern British Columbia between 15 June and 1 October in 2013-2015.  Communities are boreal 
black spruce upland (BBSUpl), boreal black spruce bog-poor fen (BBSbf), boreal white spruce dry (BWSdry), and boreal white spruce mixed 
shrub (BWSmixed).  Early, mid, and late suffixes indicate seral stage.
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Table 6.2.  Number and percent of telemetry locations of caribou in the Chinchaga herd in 
northeastern British Columbia (BC; 15 Jun–1 Oct in 2013–2015),  by potential natural vegetation 
community (PNV) and seral stage, and relative to land cover composition in the study area and the 
range of the Chinchaga caribou herd in BC in 2015. 
PNV community  Seral 
Stage 
n % of 
Locations 
% of 
Study  
Area  
% of 
range in 
BC* 
Anthropogenic – 82 1.2 1.7 1.5 
Aquatic – 7 0.1 1.5 0.86 
Boreal Black Spruce Bog-Poor 
Fen 
Early 21 0.3 0.7 0.52 
Boreal Black Spruce Bog-Poor 
Fen 
Mid 3,008 44.2 16.6 27.1 
Boreal Black Spruce Bog-Poor 
Fen 
Late 1,522 22.3 7.6 11.5 
Boreal Black Spruce Upland – 267 3.9 6.2 7.9 
Boreal White Spruce (dry) Early 0 0 <0.1 <0.1 
Boreal White Spruce (dry) Mid 177 2.6 3.2 5.2 
Boreal White Spruce (dry) Late 207 3.0 4.9 3.3 
Boreal White Spruce (mixed 
shrub) 
Early 1 0 1.5 0.35 
Boreal White Spruce (mixed 
shrub) 
Mid 100 1.5 16.3 12.4 
Boreal White Spruce (mixed 
shrub) 
Late 89 1.3 17.2 10.5 
Burn  – 39 0.6 3.0 0.37 
Burns — Current Year (2015) † – 0 0 3.4 0.66 
Cutblock – 1 0 2.3 0.66 
Marsh-Fen – 62 0.9 1.1 1.5 
Treed Rich Fen – 1,230 18.1 7.7 15.0 
Other – 9 9 5.1 0.76 
Total  6,813    
*Range of the Chinchaga caribou herd delineated in Fig. 1  
†The area of burns changed every year because of wild fires and the current year burns accounted for 
≤4% of the study area in all years 
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Figure 6.3.  Mean proportion (± SE) of used locations of each collared caribou in the Chinchaga herd 
between 15 June and 1 October in 2013–2015 relative to digestible energy and digestible protein 
intakes, based on mean intake values by tame caribou, in boreal plant communities of northeastern 
British Columbia.  These results suggest caribou are using habitats that would not support their 
maintenance requirements even if they were not supporting a calf. 
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Table 6.3.  Results from models characterizing home-range (conditional logistic regression) and 
within home-range (mixed-effects logistic regression) selection by caribou in the Chinchaga herd 
relative to foodscapes defined by nutrient intake in vegetation communities of northeastern British 
Columbia.  k is the number of parameters in the model, LL is the log-likelihood, AICC is the Akaike’s 
Information Criterion score corrected for small sample size (n = 264 (home range) and 40,602 (within 
home range)), and wi is the weight of evidence for models within the model set. 
Model k LL AICc ∆AICc wi 
Home ranges      
DP ● day-1*, Year 4 -70.48 149.11 0 0.792 
DE ● day-1†, Year 4 -71.82 151.80 2.68 0.208 
      
Within home range      
DE ● min-1‡, Year 5 -18127.60 36265.21 0 1.000 
DP ● min-1§, Year 5 -18158.78 36327.56 62.35 0.000 
*Daily intake of digestible energy (kJ ● day-1) 
†Daily intake of digestible protein (g ● day-1) 
‡Per-minute intake of digestible energy (kJ ● min-1) 
§Per-minute intake of digestible protein (g ● min-1) 
given in Appendix L).  Within home ranges, caribou appeared to be avoiding areas with 
higher per-minute intake of digestible energy (Fig. 6.3, Table 6.3).  Caribou were ~3% less 
likely to use a location for every one-unit increase in per-minute intake of DE (kJ ● min-1; 
β = -0.028, P < 0.001; Table 6.3).  We cannot infer the effect of year on selection by caribou 
at either home-range or within home-range scales because year was included in all models. 
Discussion 
Foodscapes can provide important perspectives into the ecology of large ungulates, with 
insights into how animals move across and use the landscape, and with additional potential to 
link animals with their forage resources — solving a problem that is inherent to traditional 
habitat selection studies.  Foodscapes, however, are a relatively new idea (Searle et al. 2007) 
and as such, should be developed carefully and scrutinized for accuracy and biological 
relevance before they are widely adopted as a management tool.  One limitation with current 
technology is that animals make decisions at finer scales than the resolution of most readily 
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available data layers, including for our study areas in northeastern BC.  For example, if the 
resolution of a pixel is 30 ● 30 m, but a forager is using a microhabitat at a higher resolution 
within that pixel, the pixel may not be reflective of the animal’s overall choice.  Another 
limitation that confounds the development of foodscape maps is that the accuracy of spatial 
datasets available may be inadequate to reflect resources as perceived by the animals and 
accuracy assessments must be considered in the development of any spatial datasets 
including foodscapes.  Based on our evaluations of the VRI and EWC layers, they either do 
not capture the variation within plant communities or they homogenize that variation (i.e., 
group plant communities with different nutritional values together).  To develop foodscapes 
that accurately reflect how caribou perceive nutritional resources, spatial datasets with 
greater accuracy and higher resolution are needed. 
For most large ungulates, predictive relationships between plant communities and 
their nutritional value (e.g., quality, intake rates, etc.) as it relates to animals in different 
nutritional classes are not well understood.  While these relationships have been developed 
for elk (Cervus elaphus L., 1758) in western Oregon and Washington (Cook et al. 2016) 
using similar methodology as in our study, they should be considered site- and species-
specific and not used outside the areas or species for which they were developed.  No such 
relationships have been developed for caribou, although our data (Chapters 3–5) provide the 
foundation for predicting those relationships in the future.  Despite limitations to mapping 
foodscapes, we wanted to demonstrate (i) how foodscapes may be developed for caribou with 
additional data and (ii) what a foodscape could look like for boreal caribou in northeastern 
BC.  The limitations of nutrient intake data from tame caribou and the data layers involved, 
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however, may have prevented us from predicting a foodscape that genuinely reflects the 
relationship between caribou and their nutritional resources. 
Caribou in the Chinchaga caribou herd used locations in black spruce-dominated 
forests more than any other type of plant community.  Black spruce communities have 
relatively high biomass of accepted lichen species (Chapter 2), but lichens alone are 
inadequate to sustain caribou (Boertje 1990).  Given that black spruce communities generally 
afford caribou some of the lowest diet qualities and intake rates, and that lactating caribou, 
on average, could not satisfy DE or DP requirements at these sites (Chapters 4–5), we did not 
expect this result.  We think there are at least five different ways to explain why caribou may 
not have selected for high nutrient intakes: 
(i) Caribou are lichen specialists; 
(ii) Caribou forage at very fine scales (e.g., microsites) where they can high-grade 
within often highly variable PNVs; 
(iii) Caribou select foraging locations and/or home ranges with relatively high 
quantities of food; 
(iv) The foodscapes we generated in this pilot study are not representative of the 
nutritional resources available to caribou; 
(v) Other factors, besides nutrition, influence habitat use and selection. 
 
As lichen specialists (i), caribou may search out lichens even if intake from lichens 
does not satisfy nutritional requirements.  Lichens alone, however, cannot support the 
demands of lactation or accretion of body reserves by caribou in summer.  Through selective 
foraging at microsites (ii), caribou may be able to achieve higher DE and DP intakes than the 
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average we used in our foodscape layers.  Areas with high quantities of food (e.g., accepted 
biomass or biomass of accepted lichens) (iii) would best allow caribou to forage selectively 
within them.  We did conduct preliminary analyses, which indicated that animals selected for 
accepted biomass and accepted lichens at both coarse and fine scales.  Because there are 
more biomass samples available for our study area than those sampled at sites with tame 
caribou, subsequent analyses should incorporate all data before final conclusions are made.  
Intake rates were a function of accepted biomass (Chapter 3) and therefore, per-minute and 
daily energy and protein intakes for the foodscapes inherently incorporated some aspects of 
accepted biomass.  The nutritional values of plant communities (quantified in Chapters 3–5) 
show that the communities used by Chinchaga caribou could not provide lactating or, more 
strikingly, non-lactating caribou with adequate nutrient intakes (iv).  Caribou, however, are 
persisting on the landscape, which suggests that these preliminary foodscape layers in this 
pilot did not represent all nutritional resources.  In addition, factors including predation, 
insect harassment, and disturbance may drive caribou into nutritionally suboptimal habitats 
(v). 
Accuracy is potentially a primary issue with the spatial data that were used to develop 
the foodscapes.  Another limitation of our preliminary foodscape layer is that the values we 
used likely homogenized the nutritional values of plant communities, when in fact there is 
much greater variability on the landscape than our preliminary foodscapes suggest (see 
Chapter 5; Appendix I).  Because of this averaging across a gradient of ecological conditions, 
the resultant foodscapes likely do not reflect the variation within and among plant 
communities across the landscape.  Nutritional values predicted from a robust modeling 
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exercise would likely provide more accurate estimates of nutritional values across landscapes 
(although this is still contingent on the accuracy of spatial data used to map foodscapes). 
Choice of home range, given trade-offs with other life-history constraints (e.g., 
predation risk, insect harassment, disturbance), is undoubtedly more complex than caribou 
simply selecting for nutrition, though food quantity and quality are both important (White et 
al. 1975; Van der Wal et al. 2000).  Selection within home ranges may have been related to 
attributes that make lichen-rich PNV communities attractive to caribou as refugia from 
predation (i.e., low levels of deciduous shrub biomass for alternative prey species).  Many 
studies have reported that lichens are important to habitat selection by caribou (e.g., Schaefer 
and Pruitt 1991; Terry 1994; Mayor et al. 2009).  Lichens, however, are nutritionally 
inadequate owing to low protein levels (Scotter 1968; Boertje 1990) and often small bite 
masses that reduce intake rates (Chapter 3).  Caribou are thought to use black spruce 
communities because of lichen availability (Rettie and Messier 2000), but in doing so they 
cannot satisfy nutritional requirements.  Black spruce communities, however, may serve as 
refugia where caribou can avoid predators (McLoughlin et al. 2005; Houle et al. 2010; 
Latham et al. 2011a).  Caribou must balance nutritional requirements, which cannot be met 
by foraging solely in black spruce communities, with predation risk if they are to persist on 
the landscape; and they may accomplish this by choosing locations at low-productivity sites, 
but close to productive, early-seral sites (Wilson and Demars 2015) where they are more 
likely to satisfy intake requirements (Chapter 5).  More work is needed using fine-scale 
telemetry to examine how caribou move between refugia-type sites and sites with higher 
nutritional values.  To better understand how caribou balance nutritional requirements with 
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predation risk, which may be essential to recovering caribou populations and defining critical 
habitat, requires combining accurate predation risk and foodscape layers. 
Foodscapes can potentially be a valuable tool to begin understanding how animals use 
their landscapes and what nutritional currencies may drive their decisions, but they are 
subject to limitations.  For example, although nutrition is vital to the basic life functions and 
survival of animals, predators, insect harassment, and human disturbance may interact with 
nutritional requirements to influence habitat selection by caribou (e.g., Latham et al. 2011a; 
Toupin et al. 1996; Vors et al. 2007).  Furthermore, factors such as site fidelity and whether 
or not animals have calves influence spatial and temporal use of the landscape by caribou 
(Russell and Nixon 1990; Schaefer et al. 2000; Barten et al. 2001; Wilson and Demars 2015).  
From a nutritional perspective, however, foodscapes also can only reliably be used if: (i) 
there are predictive equations to relate nutrient intake rates and other nutritional responses of 
animals to fine-scale variation within plant communities (rather than broad categories of 
PNV and seral stage as used in this pilot study); (ii) available spatial data for predictor 
variables of plant communities are accurate (e.g., if canopy cover in forests predicts the 
amount of food available in plant communities, which then predict nutrient intake responses, 
then an accurate canopy cover layer is needed to model both food quantity and nutrient 
intake rates across landscapes); and (iii) the resolution of available layers matches the scale at 
which animals make nutritional decisions.  Resolution is particularly important for several 
reasons, but basically if the plant communities are distributed across the landscape at a scale 
that is greater than the resolution of available spatial data layers, then coarse-scale 
foodscapes are likely to represent the landscape.  If, however, plant communities are driven 
by microsite differences, then until those microsites can be mapped at fine scales, foodscapes 
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are unlikely to represent the landscape as perceived by the forager.  In the boreal forest, we 
believe that plant communities are distributed at scales finer than the resolution of available 
spatial data layers and thus caution using these layers to develop foodscapes until these layers 
can be refined.   
Our pilot study shows that validation of foodscapes is another important 
consideration before they should be used to assess habitat selection and use by animals.  For 
example, Cook et al. (In review) have developed foodscapes for elk in western Oregon and 
Washington, USA, based on the same methodology of tame animal work used in our study.  
They validated their foodscapes with response data from wild elk, including pregnancy rates, 
autumn body fat of lactating females, and habitat selection ratios to determine if ‘scaling up’ 
of fine-scale foraging data to a landscape could predict nutritional responses of elk.  Their 
analysis showed that despite high levels of risk from predation (from cougars (Puma 
concolor L., 1771) and bears (Ursus americanus Pallas, 1780), elk strongly selected for areas 
on the landscape where they could achieve digestible energy content of the diet at or above 
requirement levels (Cook et al. In review; Rowland et al. In review).  It also showed that 
home ranges of lactating elk with higher body fat and pregnancy rates had a higher 
proportion of area that supported nutritional requirements for lactation.  The authors believe 
that scaling up in this ecosystem worked well because plant communities on the landscape 
are distributed at a coarse scale, reflective of large-scale gradients in elevation rather than 
small-scale gradients in soil or moisture.  Additionally, forest management in that region uses 
large clearcuts and large tracts of unmanaged forests that occur at a greater scale than the 
resolution of available spatial datasets. 
 180 
 
Although foodscapes can provide important insights for the conservation and 
management of ungulates, they are probably not likely to be fully developed for caribou for 
several years.  Tame animals were used to define the nutritional values of different habitats at 
a fine enough scale to understand habitat-specific foraging responses.  More work is needed 
to develop equations that predict these foraging responses.  Higher resolution spatial datasets 
may be needed depending on the landscape of the study area of interest before foodscapes 
can be reliably mapped.  Ultimately, the validation of these foodscapes will require 
nutritional response data from wild caribou (as for elk in Cook et al. In review; Rowland et 
al. In review).  Without validation of foodscape layers, it is impossible to know if they are 
accurate and operating at a scale that is biologically relevant to an animal, which may be 
particularly important for the conservation of threatened and endangered species.  Numerous 
factors besides food, such as site fidelity, reproductive status, predators, and insects, 
however, all influence spatial and temporal use of the landscape by caribou (Russell and 
Nixon 1990; Schaefer et al. 2000; Barten et al. 2001; Latham et al. 2011a; Wilson and 
Demars 2015).  Future work should explicitly explore the trade-offs among all these factors.  
Until that time, it is impossible to say how caribou balance competing needs through habitat 
selection strategies across the landscape.
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CHAPTER 7: SUMMARY AND MANAGEMENT IMPLICATIONS 
Overview 
For free-ranging ungulates, foraging is the primary daily activity (White et al. 1975; Parker et 
al. 1999; Cook et al. 2016), food intake drives energy balance and productivity (Fancy 1986; 
Minson and Wilson 1994), and nutrients assimilated from food influence individual 
performance (e.g., growth, reproduction, survival) and subsequently, recruitment and 
population growth (White 1983).  Acquisition of food and nutrients also influences large-
scale processes including habitat selection, seasonal movements, and distributions of 
ungulates (White and Trudell 1980; Short 1985; Bergman et al. 2000; Hobbs et al. 2003, 
Briand et al. 2009; Massé and Côté 2012).  The fundamental role of foraging in ungulate 
ecology should make it a focal point of management plans for ungulates.  Understanding 
which plant communities provide adequate nutrition to support lactation, growth, and 
accretion of body reserves can benefit conservation, management, and potentially recovery of 
species at risk, such as woodland caribou (Rangifer tarandus caribou Gmelin, 1788). 
In this Chapter, I summarize the results from my dissertation research with 
implications to management and conservation of woodland caribou and their habitats in 
northeastern British Columbia (BC).  I suggest how these results can be applied to help 
define ‘critical habitat’ and to compare values of nutritional and forage resources available to 
caribou in different plant communities across the landscape.  Specifically, findings from my 
dissertation are applicable to the identification of ‘critical habitat’ for caribou in northeastern 
BC because, with my collaborators, I worked to: (i) differentiate food (accepted) from non-
food (avoided) biomass; (ii) quantify accepted biomass in different plant communities 
available to caribou; (iii) determine how foraging responses of caribou change with changes 
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in food supplies; (iv) document quality of caribou diets; (v) identify nutritionally suitable and 
nutritionally inadequate plant communities for caribou; and (vi) assess how wild caribou 
respond to foraging currencies across the landscape during summer.  These findings further 
our understanding of where caribou can and cannot satisfy nutritional requirements and how 
they respond to variation in nutritional resources across landscapes. 
Food Habits 
Caribou have long been considered to be lichen specialists, but based on work with tame 
caribou it is evident that the role of lichens in the nutritional ecology of caribou has been 
oversimplified.  Lichens are a primary winter forage for caribou (Johnson et al. 2000; Terry 
et al. 2000; Rowe 2007), but alone they are inadequate to support the nutritional requirements 
of caribou during summer (Boertje 1990).  Additionally, not all lichens were accepted as 
food by caribou; in particular, they avoided two abundant genera of terrestrial lichens — 
Peltigera and Stereocaulon.  Tame caribou selected only a few terrestrial lichens including 
Cetraria spp., Cladonia spp., Cladina spp., and Flavocetraria spp.  These four selected 
lichens together accounted for 97% of all lichens consumed by caribou.  Studies that do not 
distinguish accepted from avoided lichens may inflate forage values of caribou habitats. 
Deciduous shrubs dominated diets selected by tame caribou during summer in the 
mountains and boreal forest of northeastern BC, which is similar to reports for caribou on the 
tundra (Boertje 1984; Thing 1984; Russell et al. 1993).  Selected deciduous shrubs, that made 
substantial contributions to summer diets of caribou, included willows (Salix spp., but see 
Chapter 2), birch (Betula papyrifera, B. glandulosa), green alder (Alnus crispa); and several 
blueberry species (e.g., Vaccinium myrtilloides, V. membranaceum, and V. ovalifolium).  
Willows and other deciduous shrubs may attract alternate prey species (e.g., moose Alces 
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alces, white-tailed deer Odocoileus virginianus), which play a role in altering predator-prey 
dynamics and increasing predation risk for caribou (Bowman et al. 2010; Latham et al. 
2011b).  Given that in predator-free ecosystems caribou apparently select deciduous shrubs 
more than lichens (Renton 2015), it may be logical to assume that predation risk could 
preclude caribou from habitats with abundant deciduous shrubs and induce indirect 
nutritional limitations.  In addition to deciduous shrubs, mushrooms and forbs also 
contributed to caribou diets during summer.  Selected forbs were primarily lilies (e.g., 
Clintonia uniflora, Streptopus amplexifolius, Smilacina racemosa), peas (e.g., Lathyrus spp., 
Vicia spp., and Astragalus spp.), and some asters (Aster spp.). 
Overall, caribou selected only 28 of 233 species encountered and these 28 species 
comprised 78% of diets.  Caribou avoided most (≥50%) of the available vegetation biomass 
on the landscape, especially clubmosses, conifers, evergreen shrubs (except for the berries of 
Empetrum nigrum and Vaccinium vitis-idaea in some communities), mosses, and some 
lichens.  During summer, these plants were perceived as ‘food’ by caribou.  The highly 
selective foraging behaviour of caribou demonstrates why valuations of forage must 
differentiate between accepted (used in proportion to or proportionately more than their 
availability) and avoided (used proportionately less than their availability) species rather than 
relying on more traditional, coarse estimates of total biomass and total biomass of lichens. 
Foraging Dynamics 
Foraging animals alter intake rates in response to changes in environmental conditions and 
understanding these changes is necessary to determine if wild herbivores are food-limited 
(Short 1985).  Food intake rates by caribou varied with changes in bite rate, bite size, travel 
rates, and accepted biomass, which also influenced bite size and travel rates.  Bite size had a 
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greater influence on intake rates than bite rate — when bite size was small, caribou could not 
increase bite rate enough to compensate fully for small bite sizes.  Thus, intakes at high bite 
rates (when bite size was small) were not comparable to those achieved at low bite rates 
(when bite size was large).  If caribou only have access to habitats supporting accepted 
forages with small bite masses (e.g., many terrestrial lichens, berries), they are not likely to 
achieve intake rates high enough to meet daily intake requirements, especially for peak 
lactation when nutritional requirements are highest. 
Caribou also modified travel rates in response to the quantity of accepted biomass 
available.  Travel rates declined as accepted biomass increased (presumably because animals 
did not have to move much between bites) and lower travel rates were associated with higher 
intake rates.  Higher travel rates when biomass was low may be indicative of another 
compensatory foraging strategy used by caribou because higher travel rates could increase 
encounter rates with food.  Caribou increased daily foraging time when quantities of accepted 
biomass and intake rates were low.  As with the strategy to adjust bite rates in response to 
bite size, increasing foraging time was only partially compensatory.  At very low levels of 
food availability or per-minute intake, caribou still were not able to satisfy daily intake 
requirements in those communities.  Therefore, although caribou have some flexibility in 
foraging responses, they face constraints to intake and potential nutritional limitations when 
bite sizes are small and accepted biomass is low.  Management planning that ensures caribou 
have access to some habitats with relatively high quantities of accepted biomass and forages 
that afford large bites will provide nutritional benefits to caribou. 
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Diet Quality 
Digestible energy and digestible protein are considered to be two potentially limiting 
currencies for northern ungulates (Verme and Ozoga 1980; Syrjälä-Qvist and Salonen 1983; 
McArt et al. 2009; Parker et al. 2009) and have direct implications to milk production, fetal 
and juvenile growth, and accretion of body reserves (Verme and Ozoga 1980; Allaye Chan-
McLeod et al. 1994; Barboza and Parker 2008).  Low diet qualities can result in nutritional 
limitations for ungulates, depending on intake rates.  At the level of diet qualities measured 
in this study, caribou need to achieve higher per-minute intake rates or have higher daily 
foraging times than those incorporated in the guidelines for dietary digestible energy (DDE) 
or dietary digestible protein (DDP) requirements (National Research Council 2007).  On 
average, none of the plant communities in northeastern BC provided caribou with adequate 
dietary quality to support peak lactation based on National Research Council (NRC) 
requirements.  For non-lactating caribou, mean values of DDE in all plant communities were 
below NRC requirements, but just over half of the communities provided non-lactating 
caribou with adequate DDP.  Highest DDE for caribou in this study area was documented in 
alpine shrub communities and early- to mid-seral forests with a diversity of deciduous 
shrubs, forbs, and lichens.  Higher values of DDP were associated with increased 
consumption of deciduous shrubs and lower DDP was associated with increased 
consumption of lichens. 
On the landscape of northeastern BC, caribou must be highly selective foragers both 
in terms of forages consumed and selecting of plant communities in which to forage.  
Whether or not caribou can compensate for diet quality through adjustments to foraging time 
and intake rates depends on food availability and quality.  Regardless of the flexibility 
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caribou exhibit in foraging responses, and diet quality they obtain, some communities are 
unlikely to support the nutritional demands of caribou.  Thus, caribou may benefit from 
landscapes with a mosaic of different plant communities, especially those affording higher-
than-average diet qualities. 
Nutritional Value of the Landscape 
Energy and protein balance of animals is the difference between expenditures and intakes.  
Surplus energy and protein (above what is needed for metabolic requirements) can be used to 
replenish body reserves during summer (Parker et al. 2009).  Body stores of energy and 
protein are important for breeding, overwinter survival, and fetal growth (Cook et al. 2004; 
Parker et al. 2005).  Caribou must forage in plant communities where they can exceed energy 
and protein requirements during summer to replenish body reserves, and for lactating caribou 
this is in addition to demands to support calf growth and survival. 
In this study, caribou achieved daily digestible energy intakes that were at or above 
requirements for peak lactation, on average, only in willow alpine communities.  Non-
lactating caribou satisfied daily DE requirements for body maintenance in several plant 
communities including willow and birch alpine areas, high and mid-elevation spruce-fir 
forests, and wetlands.  As with daily DE intake, caribou achieved high enough daily intakes 
of digestible protein to satisfy requirements for peak lactation, on average, only in willow 
alpine communities.  Average daily DP intakes were at or above maintenance requirements 
for non-lactating caribou in willow and birch alpine communities, high-elevation spruce-fir 
forests, and boreal treed rich fens.  Within forests, however, there were some productive sites 
(above mean values) that provided both lactating and non-lactating caribou with adequate 
daily intakes of DE and DP.  These included predominantly early-seral mid- to high-
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elevation spruce-fir forests and early-seral boreal white spruce stands.  As summer 
progresses and nutritional requirements of lactating caribou decline, more places on the 
landscape are likely to become nutritionally suitable for lactating caribou.  Diverse 
understories, with an abundance of accepted deciduous shrubs (e.g., Salix spp., Betula spp., 
Alnus crispa), forbs, and selected lichens, characterized plant communities that provided 
caribou with adequate daily intakes of DE and DP.  Resource managers should consider the 
attributes of plant communities that influence the nutritional suitability of plant communities 
for caribou, which also has implications to populations and how caribou use the landscape. 
Foodscape 
Foodscapes can link animals with their forage resources if they are representative of fine-
scale foraging decisions, particularly for herbivores that must select among many foods that 
are low in quality or contain defensive compounds.  The most informative foodscape is one 
that defines the landscape relative to requirements of animals (e.g., DE intake rather than 
traditional methods of biomass measurement in habitat selection studies).  Thus, foodscapes 
derived from observations of foraging by tame animals are ideal.  Our pilot attempt showed 
that estimated nutritional values of ranges and locations used most often by caribou were 
unable to support nutritional requirements of caribou for lactation and sometimes for 
maintenance of non-reproductive requirements.  Although there could be many 
interpretations of those results, the fact that caribou can exist on these depauperate 
landscapes suggests: (i) more work is needed to develop equations to predict attributes of 
plant communities and the nutritional responses of caribou to those communities; (ii) more 
accurate and higher resolution spatial datasets are needed to reflect the scale of plant 
communities in our study area; and (iii) once developed, foodscapes based on predictive 
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equations must be validated using data on nutritional responses as exemplified by body 
condition of lactating adults, pregnancy rates of lactating adult females, and autumn body 
mass of juvenile wild caribou. 
Influence of Nutritional Class 
This study was not designed to test for differences in nutritional class, not all nutritional 
classes were used in all years, and sample sizes by PNV communities were unequal among 
nutritional classes.  Given that nutritional requirements differ among nutritional classes 
(lactating, non-lactating, yearling), consideration of the potential influence of nutritional 
class, however, was warranted.  Foraging responses followed consistent patterns among 
nutritional classes of caribou, but there were some differences in intake rates. As expected 
(given higher nutritional requirements; National Research Council 2007), lactating and 
yearling caribou generally had higher daily intakes of dry matter, digestible energy, and 
digestible protein, and spent more time foraging per day than non-lactating caribou. 
Management Implications and Recommendations 
Contrary to prevailing opinions (Wittmer et al. 2005; McLellan et al. 2012), nutritional 
resources available to woodland caribou during summer are inadequate to support summer 
nutritional requirements, at least in many plant communities across northeastern BC.  
Caribou can ‘make a living’ on these landscapes, but it is likely difficult and they must be 
highly selective foragers when they choose where to forage on the landscape and what to eat. 
Recognizing that tame animals cannot be deployed in every study of habitat quality, I 
make the following recommendations for future studies designed to evaluate the nutritional 
value (forage quantity and quality) of caribou habitats: 
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(i) Food and non-food plants must be distinguished (Table A.1) and only species 
accepted by caribou should be used to evaluate available forage quantity.  Some 
caution must be exercised in applying these results outside of northeastern BC 
because selection by caribou is plastic and could change depending on species 
composition in plant communities; 
(ii) Lichens should not be used as the sole metric of nutritional value of caribou habitats 
during summer; and  
(iii) Diet and forage quality, as well as food quantity, decline from a peak in spring-
summer through autumn; additional studies should consider assessing forage quality 
and quantity from vegetation green-up to mid-summer to better understand nutritional 
values of habitats during the calving and insect seasons.  As with food quantity, only 
accepted species should be used to quantify available forage quality. 
 
For resource managers, it is important to recognize that conservation for caribou 
habitats should encompass a variety of plant communities across ecological and successional 
gradients to provide caribou with a diversity of foraging options during summer.  
Nutritionally high-quality habitats for caribou during summer differ from those in winter and 
are characterized by diverse, productive understories that have moderate to high abundance 
of accepted species of deciduous shrubs and forbs, and to a lesser extent selected lichens.  
Additionally, given the role of predation in caribou ecology and the inadequacy of nutritional 
resources in some plant communities, research and analyses should be designed specifically 
to assess nutrition-predation interactions to better understand the trade-offs for caribou 
inhabiting the northern mountain and boreal landscapes of northeastern BC.  
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Appendix A: Selection and avoidance of plant species encountered by caribou during summer in northeastern British 
Columbia. 
Table A.1.  Selection ranking (from Wilcoxon signed-rank tests) and mean dietary proportion of plant species available to tame caribou within 
potential natural vegetation (PNV) communities of northeastern British Columbia as annotated:  (1) boreal black spruce, (2) boreal black 
spruce upland, (3) boreal treed rich fen, (4) boreal white spruce, (5) mid-elevation spruce-fir forest, (6) high-elevation spruce-fir forest, (7) dry 
alpine, (8) shrub alpine (willow and birch), and (9) wetlands.  Available plant species were based on measurements in 298 vegetation plots 
throughout the study area, of which 135 were sampled with tame caribou.  Species selected by caribou are in bold type.
Forage 
Class 
Scientific Name(s) Common Name(s) n* Ivlev Score* Mean Intake 
Proportion† 
Selection‡ PNV§ 
Arboreal 
lichen 
Alectoria spp. Witch's hair 34 0.39 0.001 S 1,2,3,4,5,6 
 Bryoria spp. Horsehair lichen 68 0.51 0.057 S 1,2,3,4,5,6,7,9 
 Parmeliaceae family Various spp.  N/A N/A 0.017 N‡ 1,2,3,4,5,6,8,9 
 Usnea spp. Old man's beard 55 0.20 0.022 N 1,2,3,4,5,6 
        
Conifer Abies balsamea Balsam fir 4 -1.00 0.000 A‡  
 Abies lasiocarpa Subalpine fir 44 -1.00 0.000 A  
 Larix laricina Tamarack 8 -0.87 0.000 A 1 
 Picea mariana Black spruce 28 -0.93 0.000 A 1 
 Picea spp. including P. 
glauca, P. engelmannii, 
P. glauca x engelmannii 
White, Engelmann, 
and Hybrid white 
spruce 
82 -0.87 0.000 A 3,6,7,8 
 Pinus contorta Lodgepole pine 36 -0.94 0.000 A 1,5,6 
        
Clubmoss Lycopodium annotinum Club moss 35 -1.00 0.000 A  
 Lycopodium 
complanatum 
Club moss 9 -0.81 0.000 A 5,6 
 Lycopodium obscurum Club moss N/A* N/A* N/A A‡  
 Lycopodium selago Club moss N/A* N/A* N/A A‡  
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Forage 
Class 
Scientific Name(s) Common Name(s) n* Ivlev Score* Mean Intake 
Proportion† 
Selection‡ PNV§ 
Deciduous 
shrub 
Alnus crispa Green alder 59 0.66 0.183 S 1,4,5,6 
 Alnus tenuifolia Mountain alder 8 0.16 0.019 N 1,4,5 
 Amelanchier alnifolia Saskatoon, 
serviceberry 
15 0.86 0.003 S 4,5,6 
 Arctostaphylos rubra Red bearberry 13 -0.26 0.008 N 1,7,8 
 Betula glandulosa Dwarf birch 53 0.40 0.207 S 1,3,4,5,6,7,8,9 
 Betula papyrifera Paper birch 31 0.82 0.100 S 1,2,3,4,5,8,9 
 Cornus stolonifera Red osier dogwood 7 0.76 0.004 N 4 
 Lonicera dioica Mountain honeysuckle 10 0.51 0.000 N 4,5,6 
 Lonicera involucrata Twinberry 
honeysuckle 
19 -0.16 0.002 N 5,6 
 Myrica gale Sweet Gale 2 -0.64 0.075 A‡ 3,9 
 Oplopanax horridus Devil's club 2 0.00 0.000 N‡ 5 
 Populus balsamifera Cottonwood 33 0.41 0.005 S 1,3,4,5,6,9 
 Populus tremuloides Trembling aspen 48 0.44 0.017 S 1,4,5,6,9 
 Potentilla fruticosa Shrubby cinquefoil 6 -0.61 0.000 A‡ 3,8 
 Rhododendron 
albiflorum 
White-flowered 
rhododendron 
40 -0.30 0.020 A 5,6,7 
 Ribes lacustre Black gooseberry 31 -0.41 0.000 A 1,4,5,6 
 Ribes oxyacanthoides Northern gooseberry 9 0.03 0.000 N 1,4,5 
 Ribes spp. including R. 
glandulosum, 
hudsonianum, 
laxiflorum 
Currant 34 -0.34 0.000 N 1,4,5,6 
 Rosa acicularis Wild rose 55 0.27 0.039 S 1,3,4,5,6 
 Rubus idaeus Red raspberry 36 -0.19 0.001 N 1,4,5,6 
 Rubus parviflorus Thimbleberry 9 -0.73 0.001 A 5,6 
 Rubus pubescens Trailing raspberry 41 -0.66 0.000 A 1,4,5,6,9 
 Salix reticulata Net-veined willow 12 -0.82 0.001 A¶ 7,8 
Table A.1 (cont.) 
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Forage 
Class 
Scientific Name(s) Common Name(s) n* Ivlev Score* Mean Intake 
Proportion† 
Selection‡ PNV§ 
 
Salix spp. || Willow 121 0.72 0.179 S|| 1–9 
 Sambucus racemosa Red elderberry 6 -1.00 0.001 A‡ 5 
 Shepherdia canadensis Soapberry 27 -0.21 0.001 N 1,4,5,6 
 Sorbus scopulina Mountain ash 26 0.13 0.004 N 4,5,6 
 Spiraea betulifolia Birch-leaved spiraea 15 -0.13 0.002 N 5,6 
 Vaccinium caespitosum Dwarf blueberry 19 -0.50 0.006 A 5 
 Vaccinium 
membranaceum 
Black huckleberry 48 0.44 0.154 S 5,6,7 
 Vaccinium myrtilloides Velvet-leaved 
blueberry 
23 0.65 0.079 S 1,2,4,5,6 
 Vaccinium ovalifolium Oval-leaved blueberry 11 0.12 0.045 N 4,5,6 
 Vaccinium uliginosum Bog blueberry 26 0.59 0.050 S 5,6,7,8 
 Viburnum edule High bush cranberry 37 0.23 0.038 N 1,4,5,6 
        
Evergreen 
shrub 
Andromeda polifolia Bog rosemary 6 -0.34 0.002 A‡ 1,3 
 Arctostaphylos uva-ursi Bearberry 14 -0.43 0.000 N 3,5,6,8 
 Cassiope mertensiana White mountain-
heather 
6 -0.67 0.000 A‡ 7 
 Chamaedaphne 
calyculata 
Leatherleaf 7 -0.89 0.001 A 1,9 
 Dryas integrifolia Mountain avens 12 -0.28 0.001 N 6,7,8 
 Empetrum nigrum¶ Crowberry 36 -0.23 0.015 -¶ 6,7,8 
 Juniperus communis Common juniper 4 -1.00 0.000 A‡  
 Kalmia procumbens Alpine azalea 10 -0.96 0.000 A 7 
 Ledum groenlandicum Labrador tea 58 -0.91 0.000 A 1,4,5,6,8 
 Linnaea borealis Twinflower 61 -0.61 0.001 A 1,2,4,5,6 
 Phyllodoce 
empetriformis 
Pink mountain-heather 5 -1.00 0.000 A‡  
 Vaccinium oxycoccos Bog cranberry 17 -0.88 0.000 A 6 
Table A.1 (cont.) 
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Forage 
Class 
Scientific Name(s) Common Name(s) n* Ivlev Score* Mean Intake 
Proportion† 
Selection‡ PNV§ 
 
Vaccinium vitis-idaea|| Lingonberry 85 -0.72 0.012 A 1–9 
        
Forb Achillea millefolium Yarrow 16 -0.45 0.000 N 1,4,5,6,8 
 Aconitum 
delphiniifolium 
Mountain monkshood 32 -0.69 0.000 A 6,7,8 
 Actaea rubra Red baneberry 12 -1.00 0.000 A  
 Anaphalus 
margaritaceae 
Pearly everlasting 8 0.00 0.000 N 5,6 
 Anemone quinquefolia Wood anemone 1 -1.00 0.000 A‡  
 Angelica genuflexa Kneeling angelica N/A* N/A* N/A A‡  
 Antennaria microphylla, 
A. monocephala, A. 
alpina 
Pussytoes 12 -0.83 0.000 A 8 
 Aquilegia formosa Crimson columbine 3 0.32 0.000 A‡ 5,6 
 Aralia nudicalis Wild sarsparilla 8 -0.16 0.020 N 4 
 Arenaria spp. Sandwort 1 0.09 0.000 N‡ 7 
 Arnica latifolia Broadleaf arnica 46 -0.53 0.004 A 4,5,6,7 
 Artemisia arctica Boreal sagebrush 36 -0.13 0.015 N 6,7,8 
 Aruncus dioicus Goat's beard 7 -0.13 0.000 N 5,6 
 Aster conspicuus Western showy aster 12 0.37 0.018 N 4,5,6 
 Aster spp. including A. 
ciliolatus 
Aster 55 0.53 0.053 S 3,4,5,6,7,9 
 Astragalus alpinus Alpine milkvetch 6 0.66 0.038 N 6,7 
 Astragalus americanus American milkvetch 4 0.33 0.005 N 4,6 
 Astragalus australis Indian milkvetch 7 0.50 0.043 N 3,7 
 Bistorta vivipara Alpine bistort 19 -0.26 0.003 N 7,8 
 Caltha leptosepala White marsh marigold N/A* N/A* N/A A‡  
 Caltha palustris Marsh marigold N/A* N/A* N/A A‡  
 Calypso bulbosa Fairy slipper 1 -1.00 0.000 A‡  
 Campanula lasiocarpa Mountain harebell 21 -0.82 0.000 A 7,8 
Table A.1 (cont.) 
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Forage 
Class 
Scientific Name(s) Common Name(s) n* Ivlev Score* Mean Intake 
Proportion† 
Selection‡ PNV§ 
 
Campanula rotundifolia Harebell 1 1.00 0.000 A‡ 3 
 Campanula uniflora Arctic harebell 4 -1.00 0.000 A‡  
 Castilleja spp. Indian paintbrush 7 -0.39 0.001 N 6 
 Cerastrium 
beeringianum 
Bering chickweed 2 -1.00 0.000 A‡  
 Circaea alpina Alpine enchanter's 
nightshade 
4 -1.00 0.000 A‡  
 Cirsium spp. Thistle N/A* N/A* N/A A‡  
 Clintonia uniflora Queen's cup lily 17 0.73 0.030 S 1,2,5,6 
 Corallorhiza trifida Yellow coralroot 1 0.99 0.000 A‡ 4 
 Cornus canadensis Bunchberry 90 -0.39 0.033 A 1,2,3,4,5,6,7,8 
 Delphinium glaucum Mountain larkspur 9 -0.31 0.000 N 4,5,6 
 Drosera rotundifolia Round-leaved sundew 1 -1.00 0.000 A‡  
 Epilobium angustifolium Fireweed 93 -0.18 0.025 N 1,4,5,6,7,8,9 
 Epilobium watsonii, E. 
ciliatum 
Willow herb 11 -0.26 0.000 N 5,6 
 Erigeron spp. including 
E. grandiflorus, E. 
peregrinus 
Daisy 6 -0.28 0.000 N 6,7 
 Fragaria virginiana, F. 
vesca 
Wild strawberry 16 -0.57 0.000 A 4,5 
 Galium borealis Northern bedstraw 25 -0.35 0.000 N 4,5,6,9 
 Galium triflorum Fragrant bedstraw 23 -0.62 0.000 A 1,4,5,6 
 Gentiana spp. including 
G. glauca, G. amarella, 
G. prostrata 
Gentian 21 -0.99 0.000 A 7,8 
 Gentianella propinqua Four-part dwarf 
gentian 
N/A* N/A* N/A A‡  
 Geocaulon lividum Northern toadflax 4 -0.20 0.000 A‡ 1 
 Geranium erianthum Woolly geranium N/A* N/A* N/A A‡  
Table A.1 (cont.) 
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Class 
Scientific Name(s) Common Name(s) n* Ivlev Score* Mean Intake 
Proportion† 
Selection‡ PNV§ 
 
Geum macrophyllum Large leaf avens 8 -0.50 0.000 N 6 
 Goodyera oblongifolia, 
G. repens 
Western rattlesnake 
plantain 
2 -1.00 0.000 A‡  
 Hedysarum alpinum Alpine sweetvetch 1 0.47 0.020 N‡ 6 
 Heracleum lanatum Cow parsnip 21 -0.81 0.000 A 4,5,6,9 
 Hieracium spp. Hawkweed 16 0.20 0.004 N 5,6,7 
 Lathyrus spp. Sweet pea 31 0.60 0.027 S 1,4,5,6 
 Leptarrhena pyrolifolia Leatherleaf saxifrage N/A* N/A* N/A A‡  
 Listera borealis Northern twayblade 3 -1.00 0.000 A‡  
 Listera cordata Heartleaf twayblade 7 -1.00 0.000 A  
 Lobaria pulmonaria Tree lungwort N/A N/A N/A A‡  
 Lupinus arcticus Arctic lupine 20 -0.28 0.002 N 6,7,8 
 Maianthemum 
canadense 
Canada mayflower 15 0.12 0.004 N 4,5,6 
 Medicago falcata Blue alfalfa 2 0.88 0.020 S‡ 5 
 Mertensia paniculata Tall bluebells 57 -0.10 0.010 N 1,3,4,5,6,7,8,9 
 Micranthes ferruginea Rusty saxifrage 4 -1.00 0.000 A‡  
 Micranthes nelsoniana Nelson's saxifrage 1 -1.00 0.000 A‡  
 Micranthes nivalis Alpine saxifrage 1 -1.00 0.000 A‡  
 Mitella nuda Common mitrewort 38 -0.76 0.000 A 1,4,5,6,9 
 Mitella pentandra Five-stamen mitrewort 6 -0.96 0.000 A 6 
 Myosotis alpestris Alpine forget-me-not 2 -0.94 0.000 A‡ 8 
 Osmorhiza chilensis Sweet Cicely 9 -0.54 0.000 N 6 
 Oxyria digyna Mountain sorrel 2 1.00 0.000 N‡ 7 
 Oxytropis campestris Field locoweed 1 -0.08 0.030 N‡ 6 
 Oxytropis nigrescens Blackish locoweed 5 0.49 0.056 N 7 
 Parnassia fimbriata Fringed grass 14 -1.00 0.000 A  
 Pedicularis spp. 
including P. bracteosa, 
P. labradorica, P. 
Lousewort 41 -0.48 0.001 A 5,6,7,8,9 
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Scientific Name(s) Common Name(s) n* Ivlev Score* Mean Intake 
Proportion† 
Selection‡ PNV§ 
oederi 
 Petasites frigidis Arctic sweet coltsfoot N/A* N/A* N/A N‡  
 Petasites palmatus Palmate coltsfoot 60 0.06 0.012 N 1,3,4,2,5,6 
 Petasites sagittatus Sweet coltsfoot 1 1.00 0.000 N‡ 1 
 Platanthera spp. 
including P. obtusa, P. 
virens 
Orchid 22 -1.00 0.000 A  
 Polemonium caeruleum Jacob's ladder 20 -0.04 0.012 N 1,6,7,8,9 
 Polemonium 
pulcherrimum 
Showy Jacob's ladder 1 -0.89 0.000 N‡ 7 
 Potentilla glaucophylla Blueleaf cinquefoil 9 -0.78 0.000 A 6,8 
 Potentilla hyparctica Arctic cinquefoil 3 -1.00 0.000 A‡  
 Potentilla palustris Marsh cinquefoil 2 -0.81 0.005 A‡ 3 
 Potentilla spp., 
including Potentilla 
nivea, P. uniflora, P. 
villosula 
Cinquefoil 12 -0.37 0.002 N 7,8 
 Prunella vulgaris Heal-all 1 -1.00 0.000 N‡  
 Pyrola asarifolia, P. 
grandiflora 
Wintergreen: pink, 
arctic 
35 -0.91 0.000 A 4,5,6,9 
 Pyrola secunda Sidebells wintergreen 58 -0.80 0.000 A 4,5,6 
 Pyrola spp.: P. minor, 
P. uniflora, P. virens 
Wintergreen 7 -0.72 0.000 N 4 
 Ranuculus spp. Buttercup 15 -0.98 0.000 A 6,7 
 Ranunculus 
eschscholtzii 
Eschscholtz's 
buttercup 
5 -1.00 0.000 A‡  
 Rhinanthus borealis Arctic rattlebox 2 -1.00 0.000 A‡  
 Rubus arcticus Dwarf nagoonberry 2 -1.00 0.000 A‡  
 Rubus chamaemorus Cloudberry 15 -0.73 0.017 A 1,3,9 
 Rubus pedatus Five-leaved bramble 40 0.17 0.046 N 4,5,6,7 
Table A.1 (cont.) 
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Rumex arcticus Arctic dock 9 -0.11 0.002 N 7,8 
 Sanguisorba stipulata Sitka burnet 7 -0.71 0.000 N 6,7 
 Saxifraga caespitosa Tufted alpine 
saxifrage 
1 -1.00 0.000 A‡  
 Saxifraga oppositifolia Purple saxifrage 1 -1.00 0.000 A‡  
 Saxifraga tricuspidata Three-toothed 
saxifrage 
10 -1.00 0.000 A  
 Sedum spp. Stonecrop 3 -0.34 0.000 A‡ 8 
 Senecio lugens Black-tipped 
groundsel 
7 -0.33 0.000 N 4,7,8 
 Senecio spp. Groundsel 1 1.00 0.000 N‡ 4 
 Senecio triangularis Arrowleaf groundsel 26 -0.27 0.000 A 5,6,7,9 
 Sibbaldia procumbens Creeping sibbaldia 3 -0.16 0.000 N 7 
 Silene acaulis Moss campion 9 -0.97 0.000 A 7 
 Smilacina racemosa False Solomon's seal 15 0.06 0.012 N 5,6 
 Smilacina stellata Little false Solomon's 
seal 
4 -0.50 0.000 N 1 
 Smilacina trifolia Three-leaved 
Solomon's seal 
19 0.35 0.018 N 1,3,5,6,9 
 Solidago canadensis Canada goldenrod 3 0.99 0.000 N‡ 4 
 Solidago multiradiata Alpine goldenrod 8 0.30 0.046 N 7,8 
 Sonchus arvensis Field milk thistle 2 -1.00 0.000 A‡  
 Stellaria longipes Longstalk starwort 6 -0.83 0.000 A 7 
 Stellaria spp. Stitchwort 32 -0.81 0.000 A 7,8 
 Streptopus 
amplexifolius 
Clasping twisted-stalk 31 0.46 0.039 S 5,6 
 Tanacetum vulgare Tansy 4 -0.01 0.000 N 4,6 
 Taraxacum spp. Dandelion 32 0.38 0.008 S 3,4,5,6,7 
 Tellima grandiflora Saxifrage N/A* N/A* N/A N‡  
 Thalictrum occidentale Western meadow-rue 15 -0.73 0.000 A 5,6 
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Tiarella trifoliata Foamflower 25 -0.55 0.000 A 4,5,6,7 
 Trifolium spp. Clover 35 0.90 0.059 S 1,3,4,5,6,9 
 Valeriana sitchensis Sitka valerian 25 -0.40 0.008 A 1,5,6,7,9 
 Veratrum viride Indian hellebore 28 -0.68 0.000 A 5,6 
 Vicia americana American vetch 13 0.39 0.003 N 4,5 
 Viola spp. Violets 49 -0.86 0.000 A 1,4,5,6 
        
Fern Athyrium filix-femina Lady fern N/A* N/A* N/A A‡  
 Botrychium lunaria Moonwort 1 -1.00 0.000 A‡  
 Cystopteris spp. Brittle bladder -fern N/A* N/A* N/A A‡  
 Dryopteris expansa Spreading wood fern 15 -0.88 0.001 A 4,5,6 
 Gymnocarpium 
dryopteris 
Common oak fern 24 -0.70 0.000 A 4,5,6 
        
Fungus Conk (various spp.) Conk 17 0.99 0.000 S 1,4,5 
 Mushroom (various 
spp.) 
Mushroom 113 0.80 0.068 S 1–9 
        
Grasses Agropyron 
trachycaulum 
Slender wheatgrass 6 0.34 0.017 N 4,7 
 Agrostis spp. Bentgrass 17 -0.64 0.000 A 5,8,9 
 Bromus spp.: B. 
richardsonii, B. ciliatus 
Brome grass 10 0.26 0.016 N 4,5,6 
 Calamagrostis 
canadensis 
Bluejoint 64 -0.41 0.007 A 1,3,4,5,6,8,9 
 Calamagrostis 
lapponica 
Lappland reedgrass 9 -0.70 0.000 A 7 
 Calamagrostis spp. Reed grass 2 -1.00 0.000 A‡  
 Cinna latifolia Nodding reed grass 15 -0.60 0.000 A 5,6,7 
 Deschampsia Mountain hairgrass 5 -0.60 0.000 A‡ 6 
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atropurpurea 
 Elymus glaucus Blue wild rye 18 0.04 0.017 N 5,6 
 Elymus innovatus Hairy wild rye 36 0.45 0.119 S 1,3,4,5,7 
 Festuca altaica Altai fescue 22 -0.07 0.045 N 6,7,8 
 Festuca ovina Sheep fescue 28 -0.33 0.004 N 7,8 
 Festuca spp. Fescue grass 3 -0.26 0.030 N 5 
 Glyceria spp. Mannagrass 1 -0.09 0.000 A‡ 1 
 Hierochloe alpina Alpine sweetgrass 33 -0.23 0.002 N 6,7,8 
 Melica bulbosa Oniongrass 1 -1.00 0.000 A‡  
 Phleum alpinum Alpine Timothy 4 0.50 0.003 N 7 
 Phleum pratense Timothy 16 0.52 0.007 N 4,5,6,7 
 Poa alpina, P. arctica Alpine meadowgrass 23 -0.52 0.002 A 6,7,8 
 Poa spp. including P. 
pratensis 
Meadowgrass 12 -0.04 0.000 N 6,7,8,9 
 Trisetum spicatum Spike trisetum 11 -0.07 0.009 N 5,6,7,8 
        
Graminoid  
non-grass 
Carex spp., including C. 
rostrata, C. aquatilis 
Sedge 61 -0.31 0.018 A 1,3,4,5,6,7,8,9 
 Equisetum arvense, E. 
pratense 
Horsetail 62 -0.11 0.018 N 1,4,5,6,7,8 
 Equisetum scirpoides Horsetail 21 -0.86 0.000 A 1,4,5 
 Equisetum sylvaticum Horsetail 41 -0.18 0.006 N 1,2,4,5,6,9 
 Equisetum variegatum Horsetail 1 -1.00 0.000 N‡  
 Eriophorum spp. Woolly sunflower 8 0.20 0.004 N 1,3 
 Juncus spp. Bulrush 7 -0.16 0.001 N 4,5 
 Luzula spp. Wood rush 36 -0.11 0.001 A‡ 1,5,6,7,8 
 Scirpus microcarpus Panicled bulrush 1 -1.00 0.000 A‡  
        
Moss Moss - various spp. Moss N/A N/A 0.000 A‡ 1,4,5,6,7,8,9 
Table A.1 (cont.) 
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Forage 
Class 
Scientific Name(s) Common Name(s) n* Ivlev Score* Mean Intake 
Proportion† 
Selection‡ PNV§ 
Terrestrial 
lichen 
Alectoria ochroleuca Witch's hair 12 0.59 0.023 S 7,8 
 Cetraria aculeata, C. 
islandica 
Cetraria lichen 55 0.21 0.028 N 1,5,6,7,8 
 Cladina mitis Green reindeer lichen 94 0.59 0.098 S 1,2,3,4,5,6,7,8 
 Cladina rangiferina Grey reindeer lichen 81 0.60 0.022 S 1,2,3,4,5,6,7,8 
 Cladina stellaris Reindeer lichen 8 0.50 0.018 N 1,2,4,5,6 
 Cladonia spp. Cladonia lichen 131 0.44 0.052 S 1–9 
 Dactylina arctica Arctic finger lichen 20 -0.45 0.000 N 7,8 
 Flavocetraria cucullata, 
F. nivalis 
Flavocetraria lichen 49 0.34 0.056 S 1,5,6,7,8 
 Gowardia nigricans Gray witch's hair 7 0.71 0.020 N 7,8 
 Nephroma arcticum Green kidney lichen 9 0.55 0.001 N 5,6,8 
 Peltigera spp. Pelt 101 -0.69 0.001 A 1,3,4,5,6,7,8,9 
 Rhizocarpon 
geographicum 
Map lichens N/A N/A 0.000 N‡ 5,7 
 Stereocaulon paschale Foam lichen 45 -0.68 0.003 A 4,6,7,8 
 Thamnolia vermicularis Rockworm 29 -0.66 0.000 A 5,7,8 
 Umbilicaria hyperborea Rock tripe N/A N/A 0.034 N‡ 4,5,6,7,8 
* Mean Ivlev scores and (n) with N/A indicate a species was present in enclosures with tame caribou, but the species was not present in 
vegetation plots measured for biomass; N/A* indicates the species was present in vegetation sample plots within the study area that were 
not sampled with caribou; and sample sizes listed for each species refer to the total number of caribou enclosures where the species was 
measured in vegetation plots 
† Mean intake refers to the mean dietary proportion when a species was present; low mean intake of selected species is indicative of low 
availability 
‡Selection categories include neutral (N), avoided (A), or selected (S) (P ≤ 0.05 for avoided and selected categories) and when we did not have 
sample sizes of n > 7 to determine a confidence interval, we inferred a selection category from the calculated Ivlev score, our 
observations of tame caribou when exposed to these plants, and from selection patterns among similar plants (e.g., same genus) and 
annotated as A‡, N‡, S‡ for selection category 
§If no values are given for a PNV community, then we did not record bites on this species 
Table A.1 (cont.) 
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|| Not all species of willow were selected and catkins were not available, but based on leaf and twig characteristics, we identified Salix 
arbusculoides, S. bebbiana, S. drummondiana, S. scouleriana, S. alaxensis, S. maccalliana as species accepted by caribou, whereas S. 
reticulata and S. barclayii were avoided 
¶Caribou consumed the berries of E. nigrum in late summer, but almost never consumed the foliage of these plants and because the biomass of 
this species is largely foliage, we treated biomass of E. nigrum as ‘avoided’ despite a neutral electivity score driven by the presence of 
berries in some diets
Table A.1 (cont.) 
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Appendix B: Determining activity budgets of caribou using direct observations and 
collar-borne activity sensors. 
DATA COLLECTION–OBSERVATIONS AND MINIMITTERS 
Research caribou used in foraging trials have a Minimitter activity sensor (Mini-Mitter® model 
AW64, Mini-Mitter Co., Bend, Oregon, USA) affixed to their VHF collars during the summer field 
season.  Minimitters are protected from the environment after being wrapped in absorbent materials 
(i.e., paper towel and silica packets) and sealed tightly in a plastic film canister using electrical tape.  
The canister is then duct-taped to the animal collar being careful to orient the Minimitter and the film 
canister in approximately the same orientation for each animal.  Minimitters are set to begin recording 
on a specified date and time that coincides with the beginning of the summer foraging trials.  
Minimitters use an accelerometer to record changes in activity level.  The output of the accelerometer 
is a count.  Higher counts correspond with higher motion of the Minimitter and lower values with less 
motion.  Minimitters in this study were set to record counts at 2-minute intervals, 24 hours a day, for 
45 days before they must be downloaded.  We chose to use the 2-minute setting due to the difficulty 
of getting collars on and off animals over the season.  If set to 1-minute intervals, we would have had 
to remove and download the Minimitters mid-season and replace them back on the animal which was 
not feasible. 
During the time an animal is wearing a Minimitter, research assistants conduct behavioural 
observations using a watch set to the same time as the Minimitter’s internal clock.  Activities include: 
bedded (B1), bedded and feeding (B2), bedded and ruminating (B3), foraging (F), standing still (S1), 
standing and ruminating (S2), standing active (S3; e.g., antler rubbing to shed velvet), pacing (P), 
pacing and ruminating (P2), running (R), walking (W), and walking and ruminating (W2).  Observers 
record these data at 1-minute intervals, noting only the predominant behaviour and/or the behaviour 
that would produce the highest activity value (e.g., running for a portion of the minute would outrank 
walking would outrank feeding would outrank bedding).  Data are collected opportunistically and 
whenever possible to maximize the number of hours of observations with which to calibrate 
accelerometer counts (e.g., Fig. B.1). Data were collected on animals in as many different types of 
plant communities as possible and across the season.  If possible, observers record activity on up to 
four animals simultaneously, although this is often not possible unless visibility is high and/or 
animals exhibit group foraging or group bedding.  In addition to animal behaviour, research assistants 
also record notes on disturbances that may alter animal behaviour, level of insect harassment (1 = 
little to none, 2 = moderate behavioural changes, 3 = extreme behavioural changes), which could 
influence head movement particularly while bedded confounded the interpretation of the Minimitter, 
and weather conditions such as approximate temperature, precipitation, and wind speed.   
 
CALIBRATION AND SUBSET FILES 
All data from each Minimitter are transferred to a digital spreadsheet activity calibration file.  A 
sample activity data file in Excel is shown in Fig. B.2. The first step in the calibration process is the 
generation of a subset file of the calibration file.  Subset files use blocks of data from the calibration 
file where an animal exhibited constant behaviour (e.g., foraging) for an extended period of time (>20 
min).  Data blocks are truncated in the subset file in case Minimitter time and observer time become 
asynchronous affecting the time a behaviour changes, but not affecting constant data in the middle of 
a block of data.   
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Figure B.1.  Foraging motions differ among habitats depending on the types of forage caribou 
consume.  A caribou consuming leaves on deciduous shrubs >0.5-m tall (top) has her neck upright 
whereas a caribou foraging on terrestrial lichens (bottom) has her neck extended downward, thereby, 
altering the orientation of the Minimitter (attached to the collar under duct tape) and ultimately 
resulting in a shift in Minimitter accelerometer accounts.  
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Figure B.2.  Example activity calibration file.  DAY is the numerical day of the month, MN is the 
numerical month, YR is the year, TIME is 24-h time of day, BOU is the individual animal, DAYSQ 
is the day sequence for the foraging trials in a sampling pen, PEN is the pen identification code, 
ACTIWATCH is the accelerometer count from the Minimitter, ACT_OBS is the activity observed by 
research assistants, DIST is a column to note disturbance (these values are not used in the calibration 
process), BUGS is the level of insect harassment. 
 
  
 224 
 
Activities are grouped into one of three categories: 1) inactive (bedded and standing values), 2) 
foraging, and 3) hyperactive (walking, pacing, running).  Data are then graphed (as in Fig. B.3A, B) 
by each of these categories over time to highlight potential issues with accelerometers shifting over 
time, with insect harassment altering values for activities, or other potential problems with the dataset 
that could confound calibration.   
 
ACCURACY ASSESSMENT WITH CROSS-TABULATION (CONTINGENCY TABLE 
ANALYSIS) 
After data in the subset file have been graphed and inspected to identify unusable data, the mean 
Minimitter count is calculated for activity observations recorded as foraging.  Levels of standard 
deviation (SD; 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0) for foraging accelerometer counts are determined to 
generate cut-off values associated with foraging behaviour (e.g., mean ± 0.8 • SD) so any 
accelerometer counts falling within that range are classified as foraging (category 2), counts below 
the lower cut-off are inactive (category 1), and counts above the upper cut-off are hyperactive 
(category 3).  This method was chosen as an iterative and repeatable process with which to determine 
upper and lower cut-offs to split the activity counts into the three activity categories for when direct 
observation data are missing for each collared caribou. The analysis allows for different upper and 
lower cut-offs to be used within one animal since the distribution of values associated with foraging 
are not always normally distributed.  The iterative process allows for choosing cut-offs that produce 
the highest agreement with the direct observations. 
After completing the SD classification, a classification error matrix (Table B.1) is built to 
determine the classification accuracy within levels of SD cut-offs between the activity observations in 
the subset file and the classification of the subset file using various SD cut-offs.  The error matrix 
allows for a comparison of the number of direct observations in each of the three activity categories 
vs. classification results from activity SD cut-offs.  Error matrices are often used to assess agreement 
between two raters (in this case observations and Minimitter activity counts) and provide measures of 
overall accuracy, accuracy within classification categories, and error rates.  The overall accuracy is 
determined from the sum of diagonal values in the error matrix divided by the sum of all observations 
in the error matrix; in the example (Table B.1) there are a total of 474 observations on the diagonal, 
which represent agreement between predicted and observed activities, and overall there are 493 
observations, to give an overall accuracy of 96% (black box, Table B.1).  Other measures of accuracy 
and error rates provide information for specific activity categories.  Observed (or producer’s) 
accuracy for each row represents the number of correctly classified observations for a given category 
as the correct observations (on the diagonal) divided by the total observations for that row (e.g., row 1 
inactivity observations of inactivity are classified correctly 89% of the time).  Predicted (or user’s) 
accuracy is calculated using the same formula as for observed accuracy, but uses data in columns 
instead of rows.  For additional information regarding the use of classification matrices, accuracy and 
error rates, see Cohen (1960), Congalton (1991), and Congalton and Green (1999). 
Observation frequencies are converted to percentage to compare the percent of time an 
animal was observed inactive, foraging, and hyperactive to what is predicted from the Minimitter 
activity with SD cut-offs.  Depending on the accuracy estimated using the classification error matrix, 
SD cut-offs may be mixed such that the lower bound for a given activity category may be 1.8 SD, 
while the upper bound is 2.0 SD.  This is done to produce a mixed-SD classification that increases 
accuracy of the activity counts based on observations used for calibration.  For example, in Table B.2, 
the observation data show a caribou spent 40.9% of its time inactive, 57.6% of its time foraging, and 
1.5% of its time hyperactive.  Both SD cut-off values show the same amount of time spent inactive 
(39.8%), which underestimates time spent inactive compared to observations.  The 2.0 SD has a  
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Figure B.3.  Histogram of accelerometer (Minimitter) values for normal patterns of behaviour of 
Dakota (2014) in a dry alpine pen (WLBG) with vertical lines representing foraging cut-off values for 
activity calibration based on direct observations in the standard deviation method. 
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Table B.1.  Example classification error matrix with producer’s accuracy for each activity 
category (right column), user’s accuracy (bottom row), and overall accuracy in the box at the 
bottom right of the table. 
  
Observed 
 
  
Inactive Foraging Hyperactive Producer’s Accuracy 
P
re
di
ct
ed
 Inactive 100 12 0 0.89 
Foraging 2 350 3 0.99 
Hyperactive 0 2 24 0.92 
 
User’s Accuracy 0.98 0.96 0.89 0.96 
 
classification of foraging time that is much closer (56.7%) to the observed value (57.6%) than the 1.8 
SD (52.5%).  The hyperactivity is greatly overestimated using an upper 1.8 SD bound (7.7%) 
compared to the observation data (1.5%) and the 2.0 SD upper bound is closer (3.5%) to the 
observation data.  Taking these into consideration, the 2.0 SD is more representative of the observed 
activity budgets and has greater accuracy than the 1.8 SD bound.  If the values for 1.8 SD were 
different, for example, say 40.9% inactive, 51.5% foraging, and 7.7% hyperactive, then using 1.8 SD 
as the lower bound would give greater classification accuracy for inactive behaviours.  Combining the 
lower 1.8 SD bound with an upper bound of 2.0 SD would increase the classification accuracy of 
inactivity, but would maintain the higher classification accuracy for foraging and hyperactivity 
associated with the 2.0 SD bound.  In this example (Table B.2), there were actually 1,582 
observations of inactivity, 2,220 of foraging, and 65 of hyperactive in the calibration file.  For 
inactive behaviours in the hybrid column, 263 (16.6%) were changed based on observation data; for 
foraging this number was 22 (0.99%); for hyperactive 54 (83.1%).  Hyperactivity is a very rare 
behaviour, which can result in large errors associated with correcting the predicted counts (with SD 
cut-offs), but is not the primary focus of the calibration and does not have important effects on the 
classification of foraging behaviour or the determination of daily foraging time. 
Finally, to estimate daily activity budgets of collared caribou, the SD cut-offs are combined 
with direct observations.  This ‘hybrid’ value is used to classify and quantify activities in each of the 
three main categories within each enclosure sampled during the field season.  Direct observations 
override SD classifications when available, otherwise count data are used.   
 
ADJUSTMENTS FOR ATYPICAL DATA PATTERNS AND FORAGING ‘SHIFTS’ 
Although accelerometer outputs from Minimitters typically follow a non-normal distribution, with 
sufficient observation data on animals behaving normally (i.e., little to no insect harassment or other 
disturbance; e.g., Fig. B.3B), the standard deviation method works well to determine upper and lower 
cut-offs for foraging accelerometer values because foraging values follow a bell-shaped curve.  A 
problem occurs when activity data is either abnormal or accelerometers ‘shift’ over time due to 
different foraging motions and there are inadequate direct observations to account for this shift.  
Histograms of the proportion of accelerometer counts can be used to distinguish typical activity 
patterns (e.g., Fig. B.3B) and shifts (e.g., Fig. B.3B vs. Fig. B.4).  Typical activity patterns that show 
a Poisson-type distribution at the low end (inactive values) then a distinct bell-shape for mid-values 
(representing foraging) account for over 90% of the dataset.  Proportions are preferable to frequencies 
in this data set because not all enclosures were run for the same duration of time.  When activity is 
visibly abnormal, there is no way to be confident of cut-offs for foraging values and such data were 
excluded from analysis. 
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Table B.2.  Frequency and percent of activity (1 = inactive, 2 = foraging, 3 = hyperactive) 
observations (Observation) in the subset file within ± 1.8 SD and ± 2.0 SD to represent foraging 
in a mixed-SD cut-off classification and a hybrid classification (direct observations and SD cut-
offs for missing observations).   
 Activity Observations* 
(n) 
SD: 1.8 
(n) 
SD: 2.0 
(n) 
Hybrid 
A
ct
iv
ity
 
F
re
qu
en
cy
 1 789 16039 16039 16302 
2 1112 21170 22853 22831 
3 28 3108 1425 1371 
A
ct
iv
ity
  
P
er
ce
nt
 
1 40.9% 39.8% 39.8% 40.2% 
2 57.6% 52.5% 56.7% 56.4% 
3 1.50% 7.7% 3.5% 3.4% 
*observations (n) from the subset file only include blocks of data when the focal animal was 
exhibiting the same activity for extended time periods, but all activity observations are used to 
produce the SD and hybrid activity frequencies. 
 
We observed shifts in accelerometer count distributions between pens where caribou fed 
primarily on terrestrial lichens or other ground forages and pens where animals fed primarily on 
deciduous shrubs >0.5 m tall.  The position of the neck (and therefore Minimitter orientation; Fig. 
B.1) differs with these foraging motions resulting in the observed ‘shift’.  Observations collected in 
pens with one type of foraging motion (e.g., Fig. B.3B) may not be usable to calibrate Minimitters for 
pens with a different type of foraging motion (Fig. B.4). When this occurred, we made an assumption 
based on the distribution of foraging observation data from what a majority of normal activity 
patterns looked like (e.g., Fig. B.3B) and adjusted the upper and lower cut-offs for foraging values to 
obtain the most biologically realistic and accurate estimates of foraging time.  Adjustments were 
based on visual assessments of histograms of Minimitters by animal-pen combinations to capture the 
bell-shaped distribution of normal foraging activity as demonstrated in Fig. B.4. Some animal-pen 
combinations were not usable because there was no discernible pattern of foraging, as occurs under 
conditions of severe insect harassment (e.g., Fig. B.5). 
Of the 932 pen-animal combinations where Minimitters functioned properly, we adjusted 487 
total cut-offs (Table B.3).  Accuracies for bedding, foraging, and overall activity from original 
calibrations using only the standard deviation method and the complete subset of observation data are 
provided in Table B.4 along with the accuracy from the adjusted cut-offs;  bedded and foraging are 
presented as within-class producer’s accuracy (i.e., how likely we were to correctly classify 
Minimitter values from activity observations).  After completing this biological adjustment, using a 
Wilcoxon signed-rank test for non-parametric data, I compared the overall accuracy, accuracy of 
bedding and of foraging estimates (by pen-animal combinations where both methods could be tested) 
and there was no significant difference in foraging or overall accuracy (Table B.5), but we reduced 
the accuracy of bedding time estimates.  Given that the primary goal of this process was to produce 
foraging estimates, the reduction in accuracy of bedding times was not an issue.  Any activity budgets 
that were suspect were excluded from additional analyses (e.g., based on a priori observations of 
abnormal animal behaviour due to illness or disagreement between two Minimitters on the same 
animal that made classification of behaviours impossible).   
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Figure B.4.  Histogram of accelerometer (Minimitter) values of Dakota (2014) in a montane spruce 
clearcut pen (CHH) with vertical lines representing foraging cut-off values for activity calibration 
based on direct observations using the standard deviation method.  The SD method built from 
observation data under different foraging conditions obviously could not account for this pen.  
Differences in the distribution of activity patterns may be due to environmental factors that alter 
animal behaviour (e.g., different types of foraging motions on different types of forage).  
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Figure B.5.  Histogram of accelerometer (Minimitter) values for unusable activity data of Daphne 
(2014) due to severe insect harassment in a birch alpine pen (WLBE).  No distinct pattern of foraging 
values is present, congruent with behavioural observations for all animals in this pen.  Data like this 
are unusable and excluded from analysis. 
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Table B.3.  The quantity of change (i.e., number of counts) of Minimitter data for lower and 
upper cut-off values for foraging estimates and the number of animal-pens changed in each year 
of the study. 
Cut-off Change in Value 2013 2014 2015 
Lower ≤100 17 15 29 
Upper ≤100 21 11 7 
Lower 100–500 129 26 45 
Upper 100–500 45 51 54 
Lower >500 0 0 1 
Upper >500 4 18 14 
Totals  216 121 150 
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Table B.4.  Accuracy rates between observation data-derived estimates (standard deviation method = 
old, adjustments = new) for bedded and foraging time estimates (producer’s accuracy) and overall 
activity estimates (overall accuracy). 
Caribou - 
Minimitter 
Year Bedded 
new 
Bedded 
old 
Foraging 
new 
Foraging 
old 
Overall 
New 
Overall 
old 
Dakota1 2013 0.889 0.904 0.875 0.848 0.834 0.837 
Dakota2 2013 0.870 0.949 0.956 0.921 0.900 0.894 
Daphne1 2013 0.944 0.956 0.900 0.832 0.884 0.858 
Daphne2 2013 0.897 0.926 0.974 0.935 0.891 0.896 
Dawn 2013 0.878 0.922 0.904 0.842 0.857 0.877 
Dot 2013 0.934 0.934 0.906 0.901 0.892 0.892 
Della1 2013 0.838 0.869 0.885 0.814 0.816 0.803 
Della2 2013 0.870 0.897 0.925 0.903 0.864 0.887 
Mimi1 2013 0.920 0.936 0.939 0.895 0.913 0.900 
Mimi2 2013 0.930 0.952 0.983 0.926 0.941 0.901 
Mitella1 2013 0.818 0.866 0.869 0.810 0.816 0.812 
Mitella2 2013 0.810 0.872 0.978 0.903 0.870 0.858 
Muriel1 2013 0.881 0.916 0.894 0.803 0.832 0.819 
Muriel2 2013 0.857 0.893 0.961 0.925 0.911 0.903 
Rowan1 2013 0.868 0.902 0.966 0.878 0.890 0.858 
Rowan2 2013 0.617 0.860 0.961 0.873 0.795 0.832 
Dakota 2014 0.859 0.861 0.945 0.931 0.899 0.891 
Daphne 2014 0.852 0.833 0.940 0.928 0.859 0.890 
Dopplar 2014 0.854 0.888 0.926 0.919 0.895 0.892 
Mertensia 2014 0.876 0.950 0.941 0.802 0.875 0.862 
Mitella 2014 0.865 0.876 0.948 0.933 0.867 0.863 
Rain 2014 0.835 0.836 0.889 0.911 0.847 0.857 
Wind 2014 0.902 0.918 0.936 0.937 0.916 0.903 
Daphne 2015 0.905 0.876 0.964 0.932 0.905 0.877 
Henna1 2015 0.898 0.879 0.953 0.922 0.872 0.858 
Henna2 2015 0.889 0.887 0.777 0.921 0.804 0.856 
Mimi1 2015 0.914 0.914 0.958 0.922 0.919 0.906 
Mimi2 2015 0.922 0.925 0.942 0.915 0.919 0.910 
Mitella 2015 0.940 0.936 0.923 0.908 0.897 0.891 
Muriel 2015 0.877 0.882 0.976 0.929 0.879 0.879 
Rain1 2015 0.891 0.909 0.918 0.888 0.868 0.868 
Rain2 2015 0.916 0.916 0.927 0.910 0.883 0.880 
Raven 2015 0.922 0.928 0.939 0.898 0.891 0.886 
Rowan 2015 0.727 0.771 0.961 0.864 0.805 0.786 
Wind2 2015 0.917 0.917 0.935 0.928 0.872 0.870 
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Table B.5.  Outputs from Wilcoxon signed-rank tests on producer's accuracy estimates (bedded 
and foraging) and overall accuracy from the original calibrations to the new calibrations. 
Variable n x̄ P (sign test) 
Bedded orig. 35 0.90  
Bedded new 35 0.87 0.001 
Foraging orig. 35 0.89  
Foraging new 35 0.93 1.00 
Overall orig. 35 0.87  
Overall new 35 0.87 1.00 
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Appendix C: Comparisons of estimated bite mass between observers. 
INTRODUCTION 
Traditional bite-count techniques to quantify dry matter intake rates of herbivores have been used for 
decades (Wallmo and Neff 1970; Wickstrom et al. 1984; Olson-Rutz and Urness 1987; Shipley and 
Spalinger 1992; Rominger et al. 1996; Parker et al. 1999; Cook et al. 2004, 2013; Thompson and 
Barboza 2013).  Observers count bites (i.e., cropping events) to quantify bite rates, but they also must 
estimate bite mass.  Bite mass can be difficult to estimate accurately in some situations and a number 
of methods exist for its estimation. Use of predetermined plant units from templates (Parker et al. 
1993), collection of ingesta from fistulated animals (Trudell and White 1981; Wickstrom et al. 1984), 
and plucking (Cook et al. 2004, 2013; Bonnet et al. 2011) are all tools with which observers can 
estimate bite mass.  Across heterogeneous landscapes where plant growth form and species 
composition can vary greatly, plant units may be difficult to use consistently and accurately.  
Fistulation of animals is not a preferred method in many cases because of its cost and invasiveness.  A 
criticism of the plucking method questions the potential for observer bias in terms of reliability and 
repeatability of bite mass estimates among different observers.  With training, however, observers 
have been shown to be consistent, producing reliable and repeatable estimates of bite mass (Bonnet et 
al. 2011).  Anytime when multiple observers collect foraging observers using bite-count methods, 
inter-observer assessments should be conducted to determine the consistency of bite mass collection 
between observers.  Observer bias in bite mass could influence results, particularly when scaling up 
from per-minute to daily intake and must be accounted for if it occurs. 
METHODS 
Here we compare the estimates of intake by observers both in terms of intake per species as well as 
overall across vegetation types, Julian day, and biomass.  In our study of caribou over three years, we 
restricted observations largely to two observers, who collected more than 93% of all foraging 
observations.  An additional observer was present late in 2013 and responsible for ~6% of data 
collection, with a fourth observer collecting the remaining <1% of data.  The fourth observer did not 
collect bite masses, so they could not be compared to the other observers.  Cursory inspection of 
intake estimates from the third observer suggested that their estimates of intake were comparable with 
the two primary observers, but there were insufficient data to make meaningful statistical 
comparisons.  Therefore, inter-observer comparisons were conducted for the two primary observers.  
Bite mass data did not satisfy assumptions for parametric analysis.  Therefore, we used a Kruskal-
Wallis test (KWALLIS2 in STATA 11.2; StataCorp 2009) to compare bite masses between observers 
for individual plant species with at least seven observations (Table C.1). 
When we identified differences in bite masses between observers on a given species using the 
Kruskal-Wallis test, we made qualitative considerations for these differences if we believed they 
reflected differences that were not due to observer.  For one species where bite mass differed between 
two observers, this included a case-by-case assessment where we identified habitat types that 
produced similar growth forms and foraging conditions where we a priori did not expect bite masses 
would differ.  During field observations we a priori identified instances when we expected bite 
masses would differ reflecting true differences in habitat and growth form and not observer bias. 
We then tested for observer differences in bite mass across a range of covariates using a 
multiple regression approach (REGRESS in STATA).  Using Observer 1 as the reference category, 
we estimated differences relative to Observer 2 with indicator coding.  In the model, we estimated 
mean bite mass (g) as a function of accepted biomass (see Chapter 3), Julian day, habitat type (alpine, 
boreal, montane), an interaction variable for accepted biomass and habitat type, and observer.  The 
interaction term accepted biomass ● habitat type was not significant and was dropped from the 
analysis.  We were not interested in specific differences in bite mass among habitat types, so boreal 
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and montane habitats were estimated relative to alpine habitats (again with indicator coding), and no 
post-hoc analyses were pursued. 
RESULTS 
Of the 48 species included in the inter-observer comparisons, we identified six species that with 
significantly different bite mass between observers (Table C.1).  These species were Aster spp. 
(multiple species with different growth forms included which could have influenced the results), Salix 
spp. (multiple species with different growth forms included which could have influenced the results), 
Cladonia spp. (multiple species with different growth forms included which could have influenced 
the results), Cladina mitis, Polemonium caeruleum, and Rosa acicularis.  For case-by-case 
comparisons conducted on Cladina mitis (for which we had enough samples on this single species to 
compare observers) we identified 14 pen-pairs for direct comparison (Table C.2).  Of these pairs, bite 
mass differences were ≥0.1 g in seven pairs.  Across this species both observers had a similar range in 
observations (0.001–0.530 for Observer 1, 0.010–0.360 for Observer 2), but Observer 2 had a higher 
overall mean bite mass than Observer 1.  Although Observer 2 tended to report larger bite masses for 
C. mitis, Observer 1 had some observations in excess of Observer 2 for comparable habitats. 
 
All covariates included in our overall comparison of observers were significant (all P ≤ 0.03; 
Table C.3).  Our primary interest, however, was in comparing observers and Observer 2 estimated 
~0.03 g per bite higher than Observer 1 (the coefficient for Observer 2 in Table C.3 is relative to 
Observer 1).  
CONCLUSIONS 
The results of the inter-observer comparisons and regression analysis suggest that although some 
differences may occur between observers, these differences are unlikely to influence my results.  The 
six species that showed significant differences in bite mass observations between observers are not 
likely reflective of observer bias based on our knowledge of the study area, pen sites, and variability 
in how caribou handle those species and acquire bite masses, which can vary greatly.  Rather, we 
think they reflect true differences in bite mass due to different habitat conditions and growth patterns 
of plants.  Many of the bite masses for these species were too small to be biologically relevant, even 
when scaling up bites to daily intake.  Additionally, Aster and Salix spp. are taxonomic groups that 
include multiple species, which grow differently resulting in different handling and bite masses.  
Large sample sizes, as we had for lichens (i.e., Cladina, Cladonia) and willows (Salix), by their 
nature increase the probability of detecting even minor differences, which is what the apparent 
differences were (0.01, 0.06, and 0.04 g respectively, on average). 
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Table C.1.  Arithmetic mean of all bite masses (g; x̅ total) and n (total) for each species, as well as, for each of the two primary observers 
(Observer 1 (O1) and Observer 2 (O2)).  Species with n ≥ 7 were included in inter-observer comparisons and regression analyses.  Bolded taxa 
represent species where Kruskal-Wallis test showed significant differences in bite mass (g) between observers. 
Forage 
Class* 
Scientific Name Common Name n 
(total) 
n  
(O1) 
n 
(O2) 
x̅  
(O1) 
x̅  
(O2) 
x̅  
(total) 
SE 
(total) 
AL Alectoria spp. Witch's hair 7 1 5 0.01 0.06 0.05 0.02 
AL Bryoria spp. Horsehair lichen 44 18 23 0.09 0.06 0.07 0.01 
AL Hypogymnia spp. Stick lichen 23 9 12 0.05 0.09 0.07 0.01 
AL Usnea spp. Old man's beard 21 9 10 0.04 0.06 0.05 0.01 
          
C Picea engelmannii, P. glauca, P. 
glauca x engelmannii (new 
growth) 
Engelmann spruce, white 
spruce, or hybrid spruce  1 1 - 0.27 - 0.27 - 
          
D Alnus crispa Green alder 50 18 29 0.3 0.3 0.29 0.01 
D Alnus tenuifolia Mountain alder 2 1 - 0.32 - 0.23 0.09 
D Amelanchier alnifolia Saskatoon, serviceberry 2 2 - 0.17 - 0.17 0.07 
D Betula glandulosa Scrub birch 38 22 16 0.24 0.28 0.25 0.02 
D Betula papyrifera Paper birch 19 8 10 0.28 0.26 0.26 0.02 
D Cornus stolonifera Red osier dogwood 3 1 1 0.12 0.3 0.18 0.06 
D Lonicera involucrata Twinberry honeysuckle 2 1 1 0.21 0.21 0.21 0 
D Myrica gale Sweet Gale 1 1 - 0.22 - 0.22 - 
D Populus balsamifera Cottonwood 1 - 1 - 0.36 0.36 - 
D Populus tremuloides Trembling aspen 10 5 5 0.26 0.33 0.3 0.04 
D Rhododendron albiflorum White-flowered rhododendron 8 3 5 0.22 0.24 0.23 0.02 
D Ribes hudsonianum Northern black currant 2 1 - 0.06 - 0.08 0.02 
D Ribes oxyacanthoides Northern gooseberry 3 1 1 0.03 0.07 0.06 0.01 
D Rosa acicularis Wild rose 25 11 11 0.16 0.3 0.22 0.02 
D Rubus idaeus Red raspberry 4 2 2 0.18 0.16 0.17 0.05 
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Forage 
Class* 
Scientific Name Common Name n 
(total) 
n  
(O1) 
n 
(O2) 
x̅  
(O1) 
x̅  
(O2) 
x̅  
(total) 
SE 
(total) 
D Rubus parviflorus Thimbleberry 1 1 - 0.34 - 0.34 - 
D                  Rubus pubescens Trailing raspberry 2 2 - 0.11 - 0.11 0.04 
D Salix spp. Willow 89 38 45 0.35 0.39 0.36 0.02 
D Salix maccalliana MacCall’s willow 2 1 1 0.19 0.35 0.27 0.08 
D Salix reticulata Net-veined willow 1 - 1 - 0.16 0.16 - 
D Shepherdia canadensis Soapberry 1 - - - - 0.06 - 
D Sorbus scopulina Mountain ash 2 1 1 0.15 0.26 0.21 0.06 
D Spirea betulifolia Birch-leaved spiraea 1 1 - 0.26 - 0.26 - 
D Vaccinium caespitosum Dwarf blueberry 6 1 3 0.03 0.14 0.1 0.02 
D Vaccinium membranaceum Black huckleberry 37 19 18 0.24 0.29 0.27 0.02 
D Vaccinium myrtilloides Velvet-leaved blueberry 11 5 6 0.21 0.28 0.25 0.04 
D Vaccinium ovalifolium Oval-leaved blueberry 6 3 3 0.2 0.16 0.18 0.03 
D Vaccinium uliginosum Bog blueberry 14 5 9 0.12 0.12 0.12 0.01 
D Viburnum edule High bush cranberry 16 10 5 0.26 0.24 0.25 0.03 
          
E Andromeda polifolia Bog rosemary 1 1 - 0.05 - 0.05 - 
E Chamaedaphne calyculata Leatherleaf 1 1 - 0.05 - 0.05 - 
E Dryas integrifolia Mountain avens 2 1 1 0.03 0.06 0.05 0.02 
E Empetrum nigrum (berries) Crowberry 9 4 5 0.07 0.06 0.06 0.01 
E Ledum groenlandicum (new 
growth) 
Labrador tea 1 - 1 - 0.18 0.18 - 
E Linnaea borealis Twinflower 8 6 - 0.07 - 0.08 0.02 
E Vaccinium vitis-idaea (leaves) Lingonberry 2 - 2 - 0.2 0.2 0.12 
E Vaccinium vitis-idaea (berries) Lingonberry 9 4 5 0.06 0.06 0.06 0.01 
          
F Artemisia arctica Boreal sagebrush 12 5 7 0.12 0.12 0.12 0.01 
F Arnica latifolia Broadleaf arnica 6 3 3 0.11 0.08 0.1 0.01 
Table C.1 (cont.) 
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Forage 
Class* 
Scientific Name Common Name n 
(total) 
n  
(O1) 
n 
(O2) 
x̅  
(O1) 
x̅  
(O2) 
x̅  
(total) 
SE 
(total) 
F Aralia nudicalis Wild sarsparilla 3 2 1 0.21 0.36 0.26 0.06 
F Astragalus alpinus Alpine milkvetch 5 2 3 0.09 0.11 0.1 0.03 
F Astragalus australis Indian milkvetch 4 3 1 0.05 0.07 0.06 0.02 
F Aster ciliolatus Ciliated aster 14 7 7 0.1 0.14 0.12 0.02 
F Aster conspicuus Western showy aster 5 3 2 0.21 0.37 0.27 0.06 
F Aster spp. Aster 14 8 6 0.12 0.18 0.14 0.01 
F Bistorta vivipara Alpine bistort 7 2 5 0.03 0.04 0.04 0.01 
F Castilleja spp. Indian paintbrush 1 1 - 0.29 - 0.29 - 
F Circaea alpina Alpine enchanter's nightshade 1 - 1 - 0.03 0.03 - 
F Clintonia uniflora Queen's cup lily 8 4 4 0.11 0.16 0.13 0.02 
F Cornus canadensis Bunchberry 31 11 13 0.13 0.14 0.14 0.01 
F Epilobium angustifolium Fireweed 32 17 15 0.34 0.38 0.36 0.02 
F Fragaria virginiana Strawberry 1 1 - 0.05 - 0.05 - 
F Galium borealis Northern bedstraw 2 1 1 0.04 0.19 0.12 0.08 
F Hedysarum alpinum Alpine sweetvetch 1 - 1 - 0.2 0.2 - 
F Hieracium spp. Hawkweed 8 5 3 0.06 0.07 0.07 0.01 
F Lathyrus spp. Pea 13 7 6 0.25 0.33 0.28 0.04 
F Lupinus arcticus Arctic lupine 2 2 - 0.16 - 0.16 0.04 
F Maianthemum canadense Canada mayflower 5 3 2 0.11 0.09 0.1 0.02 
F Medicago falcata Blue alfalfa 2 - 1 - 0.05 0.2 0.15 
F Mertensia paniculata Tall bluebells 12 3 6 0.12 0.21 0.18 0.02 
F Mitella nuda Common mitrewort 4 2 2 0.01 0.06 0.04 0.01 
F Oxytropis campestris Field locoweed 1 - 1 - 0.12 0.12 - 
F Oxytropis nigrescens Blackish locoweed 5 3 2 0.04 0.1 0.06 0.02 
F Pedicularis spp. Lousewort 2 2 - 0.23 - 0.23 0.01 
F Pedicularis labradorica Labrador lousewort 1 1 - 0.22 - 0.22 - 
Table C.1 (cont.) 
  
 
238 
Forage 
Class* 
Scientific Name Common Name n 
(total) 
n  
(O1) 
n 
(O2) 
x̅  
(O1) 
x̅  
(O2) 
x̅  
(total) 
SE 
(total) 
F Petasites palmatus Coltsfoot 12 7 4 0.3 0.17 0.25 0.07 
F Polemonium caeruleum Jacob's ladder 8 3 5 0.02 0.07 0.05 0.01 
F Potentilla palustris Marsh cinquefoil 1 - 1 - 0.15 0.15 - 
F Rubus chamaemorus Cloudberry 3 3 - 0.23 - 0.23 0 
F Rumex arcticus Arctic dock 2 - 2 - 0.04 0.04 0 
F Rubus pedatus Five-leaved bramble 28 14 14 0.07 0.09 0.08 0.01 
F Senecio lugens Black-tipped groundsel 2 2 - 0.02 - 0.02 0.01 
F Silene acaulis Moss campion 1 - 1 - 0.03 0.03 - 
F Sibbaldia procumbens Creeping sibbaldia 1 1 - 0.02 - 0.02 - 
F Smilacina racemosa False Solomon's seal 4 2 2 0.45 0.26 0.35 0.1 
F Smilacina trifolia Three-leaved Solomon's seal 6 2 4 0.04 0.07 0.06 0.01 
F Solidago multiradiata Alpine goldenrod 4 3 1 0.07 0.14 0.09 0.03 
F Streptopus amplexifolius Clasping twisted-stalk 15 7 8 0.34 0.32 0.33 0.02 
F Taraxecum spp. Dandelion 5 3 2 0.24 0.22 0.23 0.02 
F Tanacetum vulgare Tansy 1 - 1 - 0.23 0.23 - 
F Trifolium spp. Clover 19 12 5 0.13 0.2 0.18 0.03 
F Valeriana sitchensis Sitka valerian 3 1 2 0.17 0.15 0.15 0.01 
F Vicia americana American vetch 1 - 1 - 0.54 0.54 - 
          
FN Dryopteris expansa Spreading wood fern 1 - 1 - 0.81 0.81 - 
          
FUNG Unknown fungus Unknown fungus 3 2 1 0.01 0.07 0.03 0.02 
FUNG Mushroom–various species Mushroom 43 21 18 0.49 0.64 0.53 0.08 
          
G Agropyron trachycaulum Slender wheatgrass 1 - 1 - 0.11 0.11 - 
G Bromus ciliatus Fringed brome 1 - 1 - 0.09 0.09 - 
Table C.1 (cont.) 
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Forage 
Class* 
Scientific Name Common Name n 
(total) 
n  
(O1) 
n 
(O2) 
x̅  
(O1) 
x̅  
(O2) 
x̅  
(total) 
SE 
(total) 
G Bromus richardsonii Fringed brome 3 2 1 0.17 0.11 0.15 0.05 
G Calamagrostis canadensis Bluejoint 15 10 4 0.12 0.23 0.17 0.02 
G Carex spp. Sedge 9 4 5 0.21 0.17 0.19 0.02 
G Carex rostrate, C. aquatilis Beaked sedge, water sedge 1 - 1 - 0.46 0.46 - 
G Cinna latifolia Nodding reed grass 1 1 - 0.01 - 0.01 - 
G Elymus glauca Blue wild rye 6 4 2 0.12 0.13 0.13 0.02 
G Elymus innovatus Hairy wild rye 28 8 14 0.2 0.21 0.2 0.03 
G Festuca altaica Altai fescue 11 7 4 0.22 0.25 0.23 0.02 
G Festuca ovina Sheep fescue 5 2 3 0.04 0.09 0.07 0.02 
G Festuca spp. Fescue grass 2 - 1 - 0.52 0.42 0.1 
G Phleum alpinum Alpine Timothy 1 1 - 0.03 - 0.03 - 
G Phleum pratense Timothy 3 3 - 0.13 - 0.13 0.05 
G Poa alpina Alpine bluegrass 1 1 - 0.06 - 0.06 - 
G Poa arctica Arctic bluegrass 1 1 - 0.05 - 0.05 - 
G Poa pratensis Kentucky bluegrass 1 1 - 0.02 - 0.02 - 
G Trisetum spicatum Spike trisetum 3 - 3 - 0.08 0.08 0.02 
          
GR Equisetum arvense Horsetail 9 7 2 0.29 0.29 0.29 0.06 
GR Equisetum sylvaticum Horsetail 5 4 1 0.25 0.22 0.24 0.02 
GR Equisetum pratense, E. arvense Horsetail 8 4 2 0.26 0.38 0.37 0.08 
GR Eriophorum spp. Woolly sunflower 2 1 1 0.12 0.17 0.15 0.03 
GR Juncus spp. Bulrush 1 1 - 0.08 - 0.08 - 
GR Luzula parviflora Woodrush 1 - 1 - 0.13 0.13 - 
GR Luzula spp. Wood rush 4 2 2 0.04 0.09 0.06 0.02 
          
MOSS Moss–unknown species Moss 1 - - - - 0.01 - 
Table C.1 (cont.) 
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Forage 
Class* 
Scientific Name Common Name n 
(total) 
n  
(O1) 
n 
(O2) 
x̅  
(O1) 
x̅  
(O2) 
x̅  
(total) 
SE 
(total) 
TL Alectoria ochroleuca Witch's hair 1 1 - 0.29 - 0.29 - 
TL Cetraria islandica Iceland moss (lichen) 19 6 13 0.11 0.16 0.14 0.02 
TL Cladonia spp. Cladonia lichen 99 41 52 0.04 0.05 0.05 0.01 
TL Cladonia amaurocraea Cladonia lichen 14 3 11 0.1 0.06 0.07 0.02 
TL Cladonia coniocraea Cladonia lichen 1 - - - - 0.11 - 
TL Cladonia gracilis Cladonia lichen 6 2 3 0.04 0.13 0.11 0.02 
TL Cladina mitis Green reindeer lichen 60 26 31 0.08 0.14 0.11 0.01 
TL Cladina rangiferina Grey reindeer lichen 29 14 15 0.08 0.15 0.11 0.01 
TL Cladonia squamosa Cladonia lichen 1 - 1 - 0.13 0.13 - 
TL Cladina stellaris Reindeer lichen 1 1 - 0.3 - 0.3 - 
TL Dactylina arctica Arctic finger lichen 1 - 1 - 0.04 0.04 - 
TL Flavocetraria cucullata Curled cetraria 29 14 15 0.05 0.05 0.05 0.01 
TL Flavocetraria nivalis Crinkled snow lichen 2 - 2 - 0.03 0.03 0 
TL Gowardia nigricans Gray witch's hair 1 1 - 0.16 - 0.16 - 
TL Nephroma arcticum Pelt 1 - 1 - 0.17 0.17 - 
TL Peltigera aphthosa Pelt lichen 2 1 - 0.1 - 0.09 0.02 
TL Peltigera spp. Pelt lichen 4 2 1 0.11 0.16 0.1 0.04 
TL Stereocaulon paschale Foam lichen 1 - 1 - 0.54 0.54 - 
TL Thamnolia vermicularis Thamnolia lichen 1 - 1 - 0.02 0.02 - 
TL Umbilicaria hyperborea Rock tripe 16 10 6 0.04 0.05 0.04 0.01 
 
*Forage classes are arboreal lichen (AL), conifer (C), deciduous shrub (D), forb (F), fern (FN), fungus (FUNG), grass (G), graminoid (GR), moss 
(MOSS), and terrestrial lichen (TL).
Table C.1 (cont.) 
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Table C.2.  List of Cladina mitis inter-observer comparisons within ecologically similar caribou 
pens. 
Comparison Pen Habitat Group Observer Bite mass (g) Difference ≥ 0.1 
1 WLU Alpine KD 0.020 x 
 WLV Alpine RC 0.210  
2 WLBJ Alpine KD 0.010 x 
 WLBI Alpine RC 0.110  
3 WLAI Alpine RC 0.110  
 WLAH Alpine KD 0.116  
4 CHCV Alpine KD 0.010  
 CHCW Alpine RC 0.010  
5 FNG Boreal KD 0.160  
 FNT Boreal RC 0.035  
6 DGBM Boreal KD 0.070  
 DGBN Boreal RC 0.120  
7 DGBC Boreal KD 0.210  
 DGBD Boreal RC 0.250  
8 DGBP Boreal KD 0.020 x 
 DGBO Boreal RC 0.120  
9 DGAY Boreal KD 0.070  
 DGV Boreal RC 0.110  
10 DGQ Boreal KD 0.045 x 
 DGW Boreal RC 0.170  
11 DGS Boreal KD 0.005 x 
 DGT Boreal RC 0.170  
12 CHDC Montane KD 0.270 x 
 CHDD Montane RC 0.110  
13 WLS Montane KD 0.050 x 
 WLR Montane RC 0.230  
14 WLCG Montane KD 0.040  
 WLCH Montane RC 0.040  
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Table C.3.  Model outputs for all variables in the bite mass regression model with significant 
probabilities at α = 0.05 level indicated ‘*’. 
Variable Coefficient SE t P 
Accepted biomass <0.001 <0.001 5.12 <0.001* 
Julian day -0.001 <0.001 -2.82 0.006* 
Habitat*     
Boreal 0.063 0.019 3.22 0.002* 
Montane 0.050 0.018 2.85 0.005* 
Observer†     
Observer 2 0.031 0.014 2.2 0.030* 
Constant 0.328 0.085 3.88 <0.001* 
*Boreal and montane habitats relative to alpine habitats (the reference category) 
†Observer 2 relative to Observer 1 
 
Differences in bite masses detected for Polemonium caeruleum are limited by small sample 
size (n = 3 for observer one, n = 5 for observer two).  Because of its growth form caribou handle it in 
a consistent manner when they consume it.  Differences here are likely spurious, resulting from small 
n, or reflect true differences in the size of plants within caribou pens.  The observed differences in 
bite mass for Rosa acicularis may be a habitat effect in that observers recorded animals under 
different ecological settings.  Observer two frequently had thinner animals that were put into better 
habitats (i.e., more accepted biomass of food) than the animals of observer one.  For all other 
deciduous shrub species, both observers were consistent so the differences reported here likely reflect 
a true difference in bite mass unrelated to observer bias. 
The bite mass comparisons for Cladina mitis show differences ≥0.1 g between observers in 
seven pens.  Of these, observer two has the higher bite mass in five pens.  Similar to what we expect 
with habitat differences resulting in different size plants available within caribou pens, we believe 
based on a priori observations in the field that C. mitis lichens of different sizes were the cause of 
these differences and not observer bias.  Overall, both observers had a range of low to high 
observations and were consistent on similar lichen species.  Lichens can vary greatly in size among 
plant communities, which is largely what these differences represent. 
The regression analysis for bite mass showed all parameters were significant and the model 
explained up to 32% of the variation in bite mass.  Although observer was a significant parameter, the 
coefficient suggests that observer two reported bite masses that were on average 0.03 g higher than 
observer one.  This small difference although statistically significant, is unlikely to be biologically 
significant. 
Overall, this analysis suggests that observers were consistent in bite mass observations.  Of 
the six species where bite masses differed between observers, the differences were likely too small to 
be biologically significant and/or represent for plural taxa (e.g., Aster spp., which represents >1 
species).  The differences are likely too small when they do occur to be a practical concern in 
analysis, even when extrapolating from bites to intake.  Small differences between observers mean 
that even if bite masses were underestimated, the differences are unlikely to scale up for caribou on 
the landscape as small bite masses are related to low intake rates in our study.  Animals that are far 
below requirements cannot satisfy requirements even if the bite masses changed slightly or even on a 
lichen-rich diet where bite masses change from 0.01–0.10 for C. mitis.  Observer bias does not appear 
to be a problem of practical concern for subsequent analyses or interpretation of results.  
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Appendix D: Descriptive statistics of bite masses of species consumed by caribou. 
Table D.1.  Descriptive statistics for bite masses of species consumed by caribou during the 
summers of 2013–2015 in northeastern British Columbia.  n is the sample size (number of times a 
species was collected), mean is the average bite mass (g) of all collections, min is the minimum 
bite mass (g) documented, max is the maximum bite mass (g) documented, and CV is the 
coefficient of variation. 
Forage 
Class 
Scientific Name Common Name N x̄ Min Max CV 
Arboreal 
lichen 
Alectoria sarmentosa Witch's hair 7 0.05 0.01 0.19 1.27 
 Bryoria spp. Horsehair lichen 44 0.07 0.01 0.33 0.97 
 Hypogymnia spp. Bark lichens 23 0.07 0.01 0.24 0.8 
 Peltigera aphthosa Pelt 2 0.09 0.07 0.10 0.25 
 Peltigera spp. Pelt 4 0.10 0.01 0.16 0.73 
 Usnea spp. Old man's beard 21 0.05 0.01 0.13 0.56 
        
Conifer Picea engelmannii  Engelmann spruce 
(new) 
1 0.27 0.27 0.27 - 
        
Deciduous 
shrub 
Alnus crispa Green alder 50 0.29 0.09 0.49 0.28 
 Alnus tenuifolia Mountain alder 2 0.23 0.14 0.32 0.55 
 Amelanchier alnifolia Saskatoon, 
serviceberry 
2 0.17 0.10 0.24 0.58 
 Betula glandulosa Scrub birch 38 0.25 0.07 0.52 0.38 
 Betula papyrifera Paper birch 19 0.26 0.11 0.42 0.4 
 Cornus stolonifera Red osier dogwood 3 0.18 0.12 0.30 0.58 
 Lonicera involucrata Twinberry 
honeysuckle 
2 0.21 0.21 0.21 0 
 Myrica gale Sweet gale 1 0.22 0.22 0.22 - 
 Populus balsamifera Cottonwood 1 0.36 0.36 0.36 - 
 Populus tremuloides Trembling aspen 10 0.30 0.12 0.56 0.47 
 Rhododendron 
albiflorum 
White-flowered 
rhododendron 
8 0.23 0.11 0.33 0.29 
 Ribes hudsonianum Northern black 
currant 
2 0.08 0.06 0.10 0.35 
 Ribes oxyacanthoides Northern gooseberry 3 0.06 0.03 0.07 0.41 
 Rosa acicularis Wild rose 25 0.22 0.09 0.41 0.44 
 Rubus idaeus Red raspberry 4 0.17 0.07 0.27 0.64 
 Rubus parviflorus Thimbleberry 1 0.34 0.34 0.34 - 
 Rubus pubescens Trailing raspberry 2 0.11 0.07 0.14 0.47 
 Salix maccalliana MacCall's willow 2 0.27 0.19 0.35 0.42 
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Forage 
Class 
Scientific Name Common Name N x̄ Min Max CV 
 
Salix reticulata Net-veined willow 1 0.16 0.16 0.16 - 
 Salix spp. Willow 89 0.36 0.05 0.81 0.45 
 Shepherdia canadensis Soapberry 1 0.06 0.06 0.06 - 
 Sorbus scopulina Mountain ash 2 0.21 0.15 0.26 0.38 
 Spiraea betulifolia Birch-leaved spiraea 1 0.26 0.26 0.26 - 
 Vaccinium 
caespitosum 
Dwarf blueberry 6 0.10 0.03 0.15 0.52 
 Vaccinium 
membranaceum 
Black huckleberry 37 0.27 0.10 0.60 0.42 
 Vaccinium myrtilloides Velvet-leaved 
blueberry 
11 0.25 0.08 0.42 0.47 
 Vaccinium ovalifolium Oval-leaved 
blueberry 
6 0.18 0.11 0.32 0.39 
 Vaccinium uliginosum Bog blueberry 14 0.12 0.05 0.23 0.46 
 Viburnum edule Squashberry, high 
bush cranberry 
16 0.25 0.11 0.54 0.42 
        
Evergreen 
shrub 
Andromeda polifolia Bog rosemary 1 0.05 0.05 0.05 - 
 Chamaedaphne 
calyculata 
Leatherleaf 1 0.05 0.05 0.05 - 
 Empetrum nigrum Crowberry (berries) 9 0.06 0.03 0.11 0.4 
 Linnaea borealis Twinflower 8 0.08 0.02 0.16 0.59 
 Rhododendron 
(Ledum) 
groenlandicum  
Labrador tea (new) 1 0.18 0.18 0.18 - 
 Vaccinium vitis-idaea Lingonberry (berries) 9 0.06 0.04 0.11 0.4 
 Vaccinium vitis-idaea Lingonberry (leaves) 2 0.20 0.08 0.31 0.83 
        
Forb Aralia nudicaulis Wild sarsparilla 3 0.26 0.16 0.36 0.38 
 Arnica latifolia Broadleaf arnica 6 0.10 0.08 0.14 0.24 
 Artemisia arctica Boreal sagebrush 12 0.12 0.05 0.17 0.27 
 Aster ciliolatus Heart-leaved aster 14 0.12 0.04 0.22 0.49 
 Aster conspicuus Western showy aster 5 0.27 0.20 0.53 0.53 
 Aster spp. Aster 14 0.14 0.07 0.25 0.38 
 Astragalus alpinus Alpine milkvetch 5 0.10 0.02 0.16 0.56 
 Astragalus australis Indian milkvetch 4 0.06 0.02 0.11 0.72 
 Bistorta vivipara Alpine bistort 7 0.04 0.01 0.08 0.62 
 Castilleja spp. Indian paintbrush 1 0.29 0.29 0.29 - 
 Chamerion 
(Epilobium) 
Fireweed 32 0.36 0.13 0.60 0.37 
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Forage 
Class 
Scientific Name Common Name N x̄ Min Max CV 
angustifolium 
 Circaea alpina Alpine enchanter's 
nightshade 
1 0.03 0.03 0.03 - 
 Clintonia uniflora Queen's cup lily 8 0.13 0.07 0.20 0.4 
 Cornus canadensis Bunchberry 31 0.14 0.05 0.21 0.25 
 Dryas integrifolia Mountain avens 2 0.05 0.03 0.06 0.47 
 Fragaria virginiana Wild strawberry 1 0.05 0.05 0.05 - 
 Galium borealis Northern bedstraw 2 0.12 0.04 0.19 0.92 
 Hedysarum alpinum Alpine sweetvetch 1 0.20 0.20 0.20 - 
 Hieracium spp. Hawkweed 8 0.07 0.02 0.14 0.59 
 Lathyrus spp. Sweet pea 13 0.28 0.12 0.48 0.45 
 Lupinus arcticus Arctic lupine 2 0.16 0.12 0.19 0.32 
 Maianthemum 
canadense 
Canada mayflower 5 0.10 0.06 0.18 0.51 
 Medicago falcata Blue alfalfa 2 0.20 0.05 0.35 1.06 
 Mertensia paniculata Tall bluebells 12 0.18 0.07 0.28 0.36 
 Mitella nuda Common mitrewort 4 0.04 0.01 0.07 0.79 
 Oxytropis campestris Field locoweed 1 0.12 0.12 0.12 - 
 Oxytropis nigrescens Blackish locoweed 5 0.06 0.02 0.12 0.64 
 Pedicularis 
labradorica 
Labrador lousewort 1 0.22 0.22 0.22 - 
 Pedicularis spp. Lousewort 2 0.23 0.22 0.24 0.06 
 Petasites palmatus Coltsfoot 12 0.25 0.13 0.94 0.9 
 Polemonium 
caeruleum 
Jacob's ladder 8 0.05 0.01 0.10 0.57 
 Potentilla palustris Marsh cinquefoil 1 0.15 0.15 0.15 - 
 Rubus chamaemorus Cloudberry 3 0.23 0.23 0.24 0.02 
 Rubus pedatus Five-leaved bramble 28 0.08 0.01 0.22 0.62 
 Rumex arcticus Arctic dock 2 0.04 0.03 0.04 0.18 
 Senecio lugens Black-tipped 
groundsel 
2 0.02 0.01 0.03 0.71 
 Sibbaldia procumbens Creeping sibbaldia 1 0.02 0.02 0.02 - 
 Silene acaulis Moss campion 1 0.03 0.03 0.03 - 
 Smilacina racemosa False Solomon's seal 4 0.35 0.20 0.63 0.55 
 Smilacina trifolia Three-leaved 
Solomon's seal 
6 0.06 0.02 0.08 0.47 
 Solidago multiradiata Alpine goldenrod 4 0.09 0.01 0.14 0.72 
 Streptopus 
amplexifolius 
Clasping twisted-
stalk 
15 0.33 0.20 0.45 0.24 
 Tanacetum vulgare Tansy 1 0.23 0.23 0.23 - 
 Taraxecum spp. Dandelion 5 0.23 0.18 0.29 0.19 
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Forage 
Class 
Scientific Name Common Name N x̄ Min Max CV 
 
Trifolium spp. Clover 19 0.18 0.01 0.54 0.75 
 Valeriana sitchensis Sitka valerian 3 0.15 0.14 0.17 0.1 
 Vicia americana American vetch 1 0.54 0.54 0.54 - 
        
Fern Dryopteris expansa Spreading wood fern 1 0.81 0.81 0.81 - 
        
Fungi Unknown White wood fungus 3 0.03 0.00 0.07 1.37 
 Various species Mushrooms 43 0.53 0.06 2.52 0.97 
        
Grass Agropyron 
trachycaulum 
Slender wheatgrass 1 0.11 0.11 0.11 - 
 Bromus ciliatus Fringed brome 1 0.09 0.09 0.09 - 
 Bromus richardsonii Brome grass 3 0.15 0.08 0.25 0.62 
 Calamagrostis 
canadensis 
Bluejoint 15 0.17 0.06 0.36 0.58 
 Cinna latifolia Nodding reed grass 1 0.01 0.01 0.01 - 
 Elymus glaucus Blue wild rye 6 0.13 0.07 0.19 0.44 
 Elymus innovatus Hairy wild rye 28 0.20 0.05 0.81 0.77 
 Festuca altaica Altai fescue 11 0.23 0.05 0.31 0.33 
 Festuca ovina Sheep fescue 5 0.07 0.03 0.11 0.55 
 Festuca spp. Fescue grass 2 0.42 0.32 0.52 0.34 
 Phleum alpinum Alpine Timothy 1 0.03 0.03 0.03 - 
 Poa alpina Alpine meadowgrass 1 0.06 0.06 0.06 - 
 Poa arctica Arctic meadowgrass 1 0.05 0.05 0.05 - 
 Poa pratensis Meadowgrass 1 0.02 0.02 0.02 - 
 Trisetum spicatum Spike trisetum 3 0.08 0.05 0.11 0.4 
        
Graminoid Carex rostrata, C. 
aquatilis 
Sedge 1 0.46 0.46 0.46 - 
 Carex spp. Sedge 9 0.19 0.10 0.30 0.32 
 Equisetum arvense Horsetail 9 0.29 0.12 0.68 0.63 
 Equisetum pratense, E. 
arvense 
Horsetail 8 0.37 0.17 0.89 0.63 
 Equisetum sylvaticum Horsetail 5 0.24 0.17 0.31 0.21 
 Eriophyllum spp. Woolly sunflower 2 0.15 0.12 0.17 0.24 
 Juncus spp. Bulrush 1 0.08 0.08 0.08 - 
 Luzula Rush 4 0.06 0.03 0.09 0.5 
 Luzula parviflora Wood rush 1 0.13 0.13 0.13 - 
 Phleum pratense Timothy 3 0.13 0.05 0.22 0.68 
        Moss Various species Moss 1 0.01 0.01 0.01 - 
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Forage 
Class 
Scientific Name Common Name N x̄ Min Max CV 
Other  Bark 1 0.05 0.05 0.05 - 
  Bark ash 1 0.01 0.01 0.01 - 
        
Terrestrial 
lichen 
Alectoria ochroleuca Witch's hair 1 0.29 0.29 0.29 - 
 Cetraria islandica Iceland moss 19 0.14 0.04 0.37 0.6 
 Cladina mitis Green reindeer 
lichen 
60 0.11 0.00 0.53 0.92 
 Cladina rangiferina Grey reindeer lichen 29 0.11 0.01 0.25 0.61 
 Cladina stellaris Reindeer lichen 1 0.30 0.30 0.30 - 
 Cladonia amaurocraea Cladonia lichen 14 0.07 0.01 0.25 0.96 
 Cladonia coniocraea Cladonia lichen 1 0.11 0.11 0.11 - 
 Cladonia gracilis Cladonia lichen 6 0.11 0.03 0.17 0.5 
 Cladonia spp. Cladonia lichen 99 0.05 0.00 0.57 1.31 
 Cladonia squamosa Squamous Cladonia 1 0.13 0.13 0.13 . 
 Dactylina arctica Arctic finger lichen 1 0.04 0.04 0.04 - 
 Flavocetraria 
cucullata 
Flavocetraria lichen 29 0.05 0.02 0.17 0.71 
 Flavocetraria nivalis Flavocetraria lichen 2 0.03 0.03 0.03 0 
 Gowardia nigricans Gray witch's hair 1 0.16 0.16 0.16 - 
 Nephroma arcticum Pelt 1 0.17 0.17 0.17 - 
 Stereocaulon paschale Foam lichen 1 0.54 0.54 0.54 - 
 Thamnolia 
vermicularis 
Thamnolia lichen 1 0.02 0.02 0.02 - 
 Umbilicaria 
hyperborea 
Rock tripe 16 0.04 0.01 0.13 0.75 
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Appendix E: Estimated limits to intake for caribou relative to average bite size and accepted biomass. 
Table E.1.  Mean values used in assumptions for determining minimum accepted biomass and bite size required by lactating (L; required 
41,422 kJ metabolizable energy (ME) ● day-1; 338 g ● day-1 metabolizable protein (MP) and non-lactating (N; required 24,686 kJ ME ● 
day-1; 147 g ● day-1 MP) caribou, in potential natural vegetation (PNV) communities of northeastern British Columbia. 
PNV* Foraging 
time (L) 
Foraging 
time (N) 
Dietary ME 
kJ ● g-1† 
Dietary MP 
g ● 100 g-1† 
ME Minimum 
 g ● min-1 (L‡) 
MP Minimum 
 g ● min-1 (L‡) 
ME Minimum 
 g ● min-1 (N‡) 
MP Minimum 
 g ● min-1 (N‡) 
ADry 12.5 12.4 10.0 6.3 5.5 7.2 3.3 3.1 
ABirch 13.8 14.0 9.9 8.4 5.0 4.9 3.0 2.1 
AWillow 12.1 11.3 9.9 9.1 5.8 5.1 3.7 2.4 
HighSF 13.9 11.3 10.1 7.7 4.9 5.3 3.6 2.8 
MidSF 13.8 11.1 9.6 6.6 5.2 6.2 3.9 2.3 
BBS 15.1 12.5 9.6 5.0 4.8 7.5 3.4 3.9 
BTRF 13.4 11.0 10.2 8.1 5.1 5.2 3.7 2.7 
BWS 13.8 13.1 9.8 7.0 5.1 5.8 3.2 2.7 
Mean 13.7 11.8 9.9 6.9 5.1 6.0 3.5 3.0 
* PNV communities were dry alpine (ADry), birch alpine (ABirch), willow alpine (AWillow), high-elevation spruce-fir forests (HighSF), mid-
elevation spruce-fir forests (MidSF), boreal black spruce (BBS), boreal treed rich fen (BTRF), boreal white spruce (BWS), and the mean 
values across all plant communities (including wetlands for which we did not fit a model due to small sample size (n = 4)   
† Mean metabolizable energy (kJ ● g-1) and protein (g ● 100 g-1) content of caribou diet (see text for calculation) 
‡ Calculated as g ● min-1 = (ME ● day-1 required)/(Foraging time (h) ● 60 min ● Dietary ME (kJ● g-1)) or g ● min-1 = (MP ● day-1 
required)/(Foraging time (h) ● 60 min ● Dietary MP (g ● 100 g-1)) 
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Figure E.1.  Predicted regression lines based on separate multilevel models of dry matter intake by 
lactating and non-lactating caribou as a function of accepted biomass (A) and average bite size (B) 
across all plant communities sampled with tame caribou in northeastern British Columbia.  Horizontal 
reference lines indicate dry matter intake of 5.1 g ● min-1 for lactating caribou and 3.5 g ● min-1  
for lactating and non-lactating caribou respectively to meet daily metabolizable energy requirements 
(A, B); and 6.0 g ● min-1 and 3.0 g ● min-1 for lactating and non-lactating caribou respectively to 
meet daily metabolizable protein requirments (C, D).  These lines represent the minimum per-minute 
intakes needed to satisfy daily nutritional requirements if caribou spend 13.7 h ● day-1 (lactating) and 
11.8 h ● day-1 (non-lactating) foraging and obtain a diet averaging 9.9 kJ metabolizable energy ● g-1 
and 6.9 g ● 100 g-1 metabolizable protein.  All values from Table E.1. 
 
  
 
250 
Appendix F: Differences in spatial structure of alpine and forest plant communities in photos. 
 
 
Figure F.1.  Windswept alpine site near Pine-Le Moray Provincial Park, British Columbia (southern portion of study area).  Forages are typically 
low-growing vascular plants and lichens that are both difficult to handle and spatially dispersed across the landscape. 
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Figure F.2.  Windswept alpine site in Graham-Laurier Provincial Park, British Columbia (northern portion of study area) with low-growing and 
dispersed forages. 
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Figure F.3.  Willow-dominated alpine sites were uncommon (e.g., Pink Mountain Provincial Park (above); northern portion of the study area) in 
our study area (n = 4 sites) and had more erect vegetation than dry alpine sites, but still had abundant terrestrial lichens. 
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Figure F.4.  Early-seral montane white spruce forest (near Chetwynd, British Columbia; southern portion of the study area) dominated by erect 
deciduous shrubs, forbs, and grasses. 
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Figure F.5.  Early-seral, boreal white spruce forest dominated by abundant deciduous shrubs north of Fort St. John, British Columbia (northern 
portion of the study area). 
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Figure F.6. Boreal black spruce forests, like the above site north of Fort St. John, British Columbia (northern portion of the study area), had 
terrestrial lichens as the primary forage for caribou, which had some of the same handling constraints as at dry alpine sites.  When deciduous 
shrubs were available at boreal black spruce sites, they tended to be dispersed spatially. 
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Appendix H: Digestible energy content of caribou diets in communities where lichens 
comprised large proportions of the diets. 
 
 
Figure H.1.  Digestible energy content of caribou diets, in relation to Julian day, in dry alpine (ADry), 
birch alpine (ABirch), willow alpine (AWillow), and boreal black spruce (BBS communities) where 
lichens made large contributions to caribou diets. 
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Appendix G: Composition of diets (by forage class) selected by caribou in July–October in 2013–2015.  
Table G.1.  Average (x̄ ± SE) diet composition (%), by forage class, based on all foraging data for tame caribou at 517* caribou-sites by 
potential natural vegetation (PNV) community, across moisture gradients (alpine: dry, intermediate, wet) or seral stage (forests), in 
northeastern British Columbia. 
PNV† Moisture or 
Seral 
Arboreal 
Lichen 
Deciduous 
Shrub 
Evergreen 
Shrub‡ 
Forb Fungus Graminoid Terrestrial 
Lichen 
Other§ 
ADry Dry (n|| = 16) 0.0 ± 0.0 22.8 ± 2.7 5.8 ± 1.3 15.6 ± 2.2 10.5 ± 2.5 8.8 ± 1.7 36.3 ± 3.2 0.2 ± 0.1 
ABirch Mid (n = 9) 0.1 ± 0.1 58.8 ± 4.7 4.6 ± 2.4 3.0 ± 0.8 13.9 ± 3.2 0.9 ± 0.4 18.4 ± 2.3 0.3 ± 0.1 
AWillow Wet (n = 4) 0.0 ± 0.0 79.2 ± 5.3 0.0 ± 0.0 5.3 ± 1.1 5.1 ± 2.4 2.0 ± 0.8 8.1 ± 2.6 0.3 ± 0.1 
HighSF Early (n = 15) 0.0 ± 0.0 62.4 ± 3.3 0.1 ± 0.0 25.6 ± 3.1 1.3 ± 0.3 3.7 ± 0.8 6.6 ± 1.5 0.2 ± 0.0 
 Mid (n = 2) 0.0 ± 0.0 53.3 ± 6.8 0.0 ± 0.0 31.9 ± 5.7 1.7 ± 0.7 8.5 ± 1.7 4.5 ± 2.0 0.1 ± 0.0 
 Late (n = 16) 6.8 ± 1.4 47.2 ± 3.7 1.0 ± 0.6 16.0 ± 2.8 9.5 ± 2.1 2.9 ± 0.9 16.4 ± 2.1 0.2 ± 0.0 
MidSF Early (n = 14) 0.1 ± 0.1 61.5 ± 4.1 0.2 ± 0.1 24.3 ± 2.6 2.2 ± 0.6 10.1 ± 2.0 1.4 ± 0.3 0.2 ± 0.0 
 Mid (n = 4) 1.7 ± 0.6 15.6 ± 3.6 0.0 ± 0.0 3.5 ± 1.2 5.4 ± 1.6 13.8 ± 4.8 59.9 ± 5.3 0.0 ± 0.0 
 Late (n = 10) 23 ± 3.3 24.5 ± 3.5 0.1 ± 0.0 19.6 ± 2.6 2.2 ± 0.5 23.1 ± 4.1 7.2 ± 1.8 0.3 ± 0.1 
BBS Early (n = 5) 12.4 ± 6.2 30.9 ± 6.8 0.1 ± 0.0 4.8 ± 1.1 6.2 ± 1.4 3.1 ± 0.8 42.4 ± 5.8 0.2 ± 0.1 
 Mid (n = 3) 13.9 ± 5.8 8.9 ± 2.6 1.0 ± 0.9 9.9 ± 2.9 3.2 ± 1.4 0.6 ± 0.3 62.5 ± 6 0.0 ± 0.0 
 Late (n = 6) 8.8 ± 1.8 23.6 ± 4.6 0.9 ± 0.4 7.1 ± 2.3 3.1 ± 1.0 10.8 ± 2.9 45.5 ± 7.1 0.3 ± 0.1 
BTRF Early (n = 1) 0.0 ± 0.0 75.5 ± 6.1 0.0 ± 0.0 1.2 ± 0.7 0.8 ± 0.2 1.0 ± 0.4 21.5 ± 7.1 0.0 ± 0.0 
 Mid (n = 3) 1.9 ± 0.7 62.0 ± 7.2 0.0 ± 0.0 2.4 ± 1.5 18.9 ± 2.7 0.6 ± 0.3 14.2 ± 4.9 0.0 ± 0.0 
 Late (n = 2) 6.2 ± 1.8 23.6 ± 4.6 0.0 ± 0.0 17.9 ± 8.2 25.8 ± 7.0 3.3 ± 2.0 23 ± 8.0 0.2 ± 0.1 
BWS Early (n = 6) 0.0 ± 0.0 73.1 ± 5.1 0.4 ± 0.2 18.3 ± 3.1 3.3 ± 1.3 2.9 ± 0.8 1.7 ± 0.5 0.3 ± 0.1 
 Mid (n = 5) 0.6 ± 0.4 57.5 ± 5.9 0.0 ± 0.0 11.4 ± 2.8 0.4 ± 0.2 0.3 ± 0.1 29.7 ± 7.9 0.1 ± 0.0 
 Late (n = 10) 8.2 ± 1.9 65.7 ± 3.2 0.2 ± 0.1 12.6 ± 1.7 4.8 ± 1.6 7.2 ± 1.2 0.8 ± 0.2 0.4 ± 0.2 
W (n = 4) 7.0 ± 6.2 35.4 ± 10.2 0.2 ± 0.1 42.1 ± 8.8 1.4 ± 0.8 13.8 ± 5.2 0.1 ± 0.1 0.1 ± 0.1 
* All diet samples (including those excluded from multilevel models). 
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† PNV communities are alpine (dry: ADry; birch: ABirch; willow: AWillow), high-elevation spruce-fir forests (HighSF), mid-elevation spruce-fir 
forests (MidSF), boreal black spruce (BBS), boreal treed rich fens (BTRF), boreal white spruce (BWS), and wetlands (W) including montane wet 
meadows and non-treed boreal fens 
‡Consumption of evergreen shrubs was largely limited to berries 
§ Other includes clubmosses, conifers, ferns, and mosses 
|| Sample sizes represent the number of unique sites sampled from 2013–2015; we collected three to four diet samples at each site depending on the 
number of caribou present
Table G.1 (cont.) 
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Appendix I: Biomass available to caribou and their daily intakes in potential natural 
vegetation communities by seral-stage and moisture gradient. 
 
 
Figure I.1.  Mean available biomass of vegetation in (A) boreal and (B) montane potential natural 
vegetation communities by seral stage (early, mid, late for forests) or moisture regime (dry (ADry), 
intermediate (ABirch), and wet (AWillow) for alpine sites) partitioned into avoided, neutral, and 
selected biomass by caribou in northeastern British Columbia.  Montane plant communities are high- 
and mid-elevation spruce-fi forests (HighSF and MidSF, respectively).  Boreal plant communities 
include boreal black spruce (BBS), boreal treed rich fens (BTRF), and boreal white spruce (BWS).  
Boreal white spruce sites are separated into dry sites (dominated by lodgepole pine) and mixed shrub 
(dominated by aspen).  Wetlands occurred in both montane and boreal study areas and included 
montane wet meadows (n = 2), a shrubby rich fen, and a boreal meadow marsh.  Sample sizes 
represent the number of sites sampled from 2013–2015.  
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Figure I.2.  Mean available biomass of vegetation by forage class in (A) boreal and (B) montane 
potential natural vegetation communities, in northeastern Bristish Columbia, by seral stage (early, 
mid, late for forests) or moisture regime (dry (ADry), intermediate (ABirch), and wet (AWillow) for 
alpine sites).  Montane plant communities are high- and mid-elevation spruce-fir forests (HighSF and 
MidSF, respectively).  Boreal plant communities include boreal black spruce (BBS), boreal treed rich 
fens (BTRF), and boreal white spruce (BWS).  Boreal white spruce sites are separated into dry sites 
(dominated by lodgepole pine) and mixed shrub (dominated by aspen).  Wetlands occurred in both 
montane and boreal study areas and included montane wet meadows (n = 2), a shrubby rich fen, and a 
boreal meadow marsh.  Other includes clubmosses, ferns, and mosses.  Sample sizes represent the 
number of sites sampled from 2013–2015.
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Figure I.3.  Daily dry matter intake of lactating (A, D), non-lactating (B, E), and yearling tame caribou (C, F) in alpine (top) and forest (bottom) 
plant communities of northeastern British Columbia.  Communities are dry/windswept alpine (ADry), birch alpine (ABirch), willow alpine 
(AWillow), high-elevation spruce-fir forests (HighSF), mid-elevation spruce-fir forests (MidSF), boreal black spruce (BBS), boreal treed rich fens 
(BTRF), boreal white spruce (BWS), and Wetlands (Wetland).  Early, mid, and late refer to seral stage.  Boreal white spruce sites are separated 
into dry sites (dominated by lodgepole pine) and mixed shrub (dominated by aspen). 
 
 
 
 
 
 
262 
 
 
Figure I.4.  Daily digestible energy intake of lactating (A, D), non-lactating (B, E), and yearling tame caribou (C, F) in alpine (top) and forest 
(bottom) plant communities of northeastern British Columbia.  Solid lines represent daily digestible energy intake requirements at peak lactation 
(A, D) and for non-lactating adults for maintenance (B, E), as per National Research Council (2007) guidelines.  Communities are dry/windswept 
alpine (ADry), birch alpine (ABirch), willow alpine (AWillow), high-elevation spruce-fir forests (HighSF), mid-elevation spruce-fir forests 
(MidSF), boreal black spruce (BBS), boreal treed rich fens (BTRF), boreal white spruce (BWS), and Wetlands (Wetland).  Early, mid, and late 
refer to seral stage.  Boreal white spruce sites are separated into dry sites (dominated by lodgepole pine) and mixed shrub (dominated by aspen).   
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Figure I.5.  Daily digestible protein intake of lactating (A, D), non-lactating (B, E), and yearling tame caribou (C, F) in alpine (top) and forest 
(bottom) plant communities of northeastern British Columbia.  Solid lines represent daily digestible protein intake requirements at peak lactation 
(A, D) and for non-lactating adults for maintenance (B, E), as per National Research Council (2007) guidelines, calculated from a linear regression 
between daily digestible protein intake and daily crude protein intake.  Communities are dry/windswept alpine (ADry), birch alpine (ABirch), 
willow alpine (AWillow), high-elevation spruce-fir forests (HighSF), mid-elevation spruce-fir forests (MidSF), boreal black spruce (BBS), boreal 
treed rich fens (BTRF), boreal white spruce (BWS), and wetlands (Wetland).  Early, mid, and late refer to seral stage.  Boreal white spruce sites 
are separated into dry sites (dominated by lodgepole pine) and mixed shrub (dominated by aspen). 
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Appendix J: Photos of potential natural vegetation communities by moisture gradient (alpine), seral stage (forests), or wetland 
type. 
 
 
Figure J.1.  Dry alpine plant community near Pine-Le Moray Provincial Park in northeastern British Columbia. 
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Figure J.2.  Birch alpine plant community near Sikanni (Pink Mountain Provincial Park) in northeastern British Columbia. 
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Figure J.3.  Willow alpine plant community at Pink Mountain Provincial Park in northeastern British Columbia. 
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Figure J.4.  Early-seral, high-elevation spruce-fir forest near Chetwynd, British Columbia. 
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Figure J.5.  Late-seral, high-elevation spruce-fir forest near Chetwynd, British Columbia. 
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Figure J.6.  Early-seral, mid-elevation spruce-fir forest near Hassler Creek in northeastern British Columbia. 
 
 
 
 
 
270 
 
 
Figure J.7.  Mid-seral, montane black spruce forest near Gwillim Lake Provincial Park in northeastern British Columbia. 
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Figure J.8.  Late-seral, mid-elevation spruce-fir forest near Pine-Le Moray Provincial Park in northeastern British Columbia. 
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Figure J.9.  Early-seral, boreal black spruce forest near Doig River in northeastern British Columbia. 
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Figure J.10.  Mid-seral, boreal black spruce forest near Doig River in northeastern British Columbia. 
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Figure J.11.  Late-seral, boreal black spruce forest near Doig River in northeastern British Columbia. 
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Figure J.12.  Early-seral, boreal treed rich fen near Doig River in northeastern British Columbia. 
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Figure J.13.  Mid-seral, boreal treed rich fen near Doig River in northeastern British Columbia. 
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Figure J.14.  Late-seral, boreal treed rich fen near Doig River in northeastern British Columbia. 
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Figure J.15.  Early-seral, boreal white spruce forest near Doig River in northeastern British Columbia. 
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Figure J.16.  Mid-seral, boreal white spruce forest near Doig River in northeastern British Columbia. 
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Figure J.17.  Late-seral, boreal white spruce forest near Doig River in northeastern British Columbia. 
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Figure J.18.  Shrubby rich fen near Doig River in northeastern British Columbia. 
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Figure J.19.  Montane wet meadow near Pine-Le Moray Provincial Park in northeastern British Columbia. 
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Appendix K: Python codes for sequential steps to classify potential natural vegetation 
communities available to caribou in the Chinchaga herd in northeastern British 
Columbia, from vegetation resources inventory (VRI) and enhanced wetlands 
classification (EWC) datasets. 
The following Python codes (Python 9.3) are to be used in sequence to define new variables for 
leading species, potential natural vegetation community (and some seral stages), and potential natural 
vegetation community-seral stage.  Italics headings represent the variable to be calculated, 
Expression is the calculation equation to be defined in the ‘Expression’ box of Field Calculator in 
ArcMap and Code Block (to be entered in the ‘Code Block’ box) contains the parameters are rules 
for defining variables in the expression calculation. 
 
Leading Species 
Expression 
Calc (!SPEC_CD_1!,!SPEC_CD_2!) 
Code Block 
def Clc(SPEC_CD_1,SPEC_CD_2): 
 if SPEC_CD_1== 'AT':  
  return 'Aspen' 
 elif SPEC_CD_1== 'PJ':  
  return 'Lodgepole Pine' 
 elif SPEC_CD_1== 'SS':  
  return 'White Spruce' 
 elif SPEC_CD_2== ' ' and SPEC_CD_1=='E':  
  return 'Paper Birch' 
 elif SPEC_CD_2== 'T' and SPEC_CD_1=='SW':  
  return 'White Spruce' 
 elif SPEC_CD_2== 'ACB' and SPEC_CD_1=='SW':  
  return 'Cottonwood' 
 elif SPEC_CD_2== 'SX' and SPEC_CD_1=='SW':  
  return 'White Spruce' 
 elif SPEC_CD_2== 'SB' and SPEC_CD_1=='WS':  
  return 'Black Spruce' 
 elif SPEC_CD_2== 'B' and SPEC_CD_1=='SW':  
  return 'Balsam Fir' 
 elif SPEC_CD_2== 'E' and SPEC_CD_1=='SW':  
  return 'Paper Birch' 
 elif SPEC_CD_1== 'B':  
  return 'Balsam Fir' 
 elif SPEC_CD_1== 'P':  
  return 'Lodgepole Pine' 
 elif SPEC_CD_1== 'ACB':  
  return 'Cottonwood' 
 elif SPEC_CD_1== 'T':  
  return 'Yew' 
 elif SPEC_CD_1== 'E':  
  return 'Paper Birch' 
 elif SPEC_CD_1== 'L':  
  return 'Tamarack' 
 elif SPEC_CD_1== 'AC':  
  return 'Cottonwood' 
 elif SPEC_CD_1=='ACT': 
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  return 'Cottonwood' 
 elif SPEC_CD_1=='BL': 
  return 'Balsam Fir' 
 elif SPEC_CD_1=='B': 
  return 'Balsam Fir' 
 elif SPEC_CD_1=='S': 
  return 'Spruce' 
 elif SPEC_CD_1=='SB': 
  return 'Black Spruce' 
 elif SPEC_CD_1=='PLI': 
  return 'Lodgepole Pine' 
 elif SPEC_CD_1=='PL': 
  return 'Lodgepole Pine' 
 elif SPEC_CD_1=='EA': 
  return 'Paper Birch' 
 elif SPEC_CD_1=='EP': 
  return 'Paper Birch' 
 elif SPEC_CD_1=='LA': 
  return 'Tamarack' 
 elif SPEC_CD_1=='LT': 
  return 'Tamarack'  
 elif SPEC_CD_1=='SW' and SPEC_CD_2=='SW': 
  return 'Black Spruce' 
 elif SPEC_CD_1=='S' and SPEC_CD_2==' ': 
  return 'Black Spruce' 
 elif SPEC_CD_1=='S' and SPEC_CD_2=='SB': 
  return 'Black Spruce' 
 elif SPEC_CD_1=='SB' and SPEC_CD_2== 'LT': 
  return 'Black Spruce Tamarack' 
 elif SPEC_CD_1=='SB' and SPEC_CD_2== 'LA': 
  return 'Black Spruce Tamarack' 
 elif SPEC_CD_1=='SB' and SPEC_CD_2!= 'LT' or SPEC_CD_1=='SB' and   
 SPEC_CD_2!= 'LA': 
  return 'Black Spruce' 
 elif SPEC_CD_1=='S' and SPEC_CD_2=='B': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='S' and SPEC_CD_2=='AB': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='S' and SPEC_CD_2=='BL': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='S' and SPEC_CD_2=='EA': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='S' and SPEC_CD_2=='EP': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='S' and SPEC_CD_2=='AC': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='S' and SPEC_CD_2=='AT': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='S' and SPEC_CD_2=='ACT': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='S' and SPEC_CD_2=='LA': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='S' and SPEC_CD_2=='LT': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='S' and SPEC_CD_2=='PL': 
  return 'White Spruce Dry' 
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 elif SPEC_CD_1=='S' and SPEC_CD_2=='PLI': 
  return 'White Spruce Dry' 
 elif SPEC_CD_1=='SW' and SPEC_CD_2=='B': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SW' and SPEC_CD_2=='BL': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SW' and SPEC_CD_2=='EA': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SW' and SPEC_CD_2=='EP': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SW' and SPEC_CD_2=='AC': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SW' and SPEC_CD_2=='ACT': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SW' and SPEC_CD_2=='LA': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SW' and SPEC_CD_2=='LT': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SW' and SPEC_CD_2=='S': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SW' and SPEC_CD_2=='PL': 
  return 'White Spruce Dry' 
 elif SPEC_CD_1=='SW' and SPEC_CD_2=='PLI': 
  return 'White Spruce Dry' 
 elif SPEC_CD_1=='SXW' and SPEC_CD_2=='B': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SXW' and SPEC_CD_2=='BL': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SXW' and SPEC_CD_2=='EA': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SXW' and SPEC_CD_2=='EP': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SXW' and SPEC_CD_2=='AC': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SXW' and SPEC_CD_2=='ACT': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SXW' and SPEC_CD_2=='LA': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SXW' and SPEC_CD_2=='LT': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SXW' and SPEC_CD_2=='S': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SXW' and SPEC_CD_2=='PL': 
  return 'White Spruce Dry' 
 elif SPEC_CD_1=='SXW' and SPEC_CD_2=='PLI': 
  return 'White Spruce Dry' 
 elif SPEC_CD_1=='SE' and SPEC_CD_2=='B': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SE' and SPEC_CD_2=='BL': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SE' and SPEC_CD_2=='EA': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SE' and SPEC_CD_2=='EP': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SE' and SPEC_CD_2=='AC': 
  return 'White Spruce Mixed' 
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 elif SPEC_CD_1=='SE' and SPEC_CD_2=='ACT': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SE' and SPEC_CD_2=='LA': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SE' and SPEC_CD_2=='LT': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SE' and SPEC_CD_2=='S': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SE' and SPEC_CD_2=='PL': 
  return 'White Spruce Dry' 
 elif SPEC_CD_1=='SE' and SPEC_CD_2=='PLI': 
  return 'White Spruce Dry' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2=='AB': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SW' and SPEC_CD_2=='AB': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SXW' and SPEC_CD_2=='AB': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SE' and SPEC_CD_2=='AB': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2=='B': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2=='BL': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2=='EA': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2=='EP': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2=='AC': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2=='ACT': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2=='LA': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2=='LT': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2=='S': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2=='PL': 
  return 'White Spruce Dry' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2=='PLI': 
  return 'White Spruce Dry' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2=='LA': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2=='LT': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2=='S': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2=='SB': 
  return 'White Spruce Dry' 
 elif SPEC_CD_1=='SXW' and SPEC_CD_2=='SB': 
  return 'White Spruce Dry' 
 elif SPEC_CD_1=='SE' and SPEC_CD_2=='SB': 
  return 'White Spruce Dry' 
 elif SPEC_CD_1=='SW' and SPEC_CD_2=='SB': 
  return 'White Spruce Dry' 
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 elif SPEC_CD_1=='SX' and SPEC_CD_2=='AT': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SXW' and SPEC_CD_2=='AT': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SE' and SPEC_CD_2=='AT': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SW' and SPEC_CD_2=='AT': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2==' ': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SXW' and SPEC_CD_2==' ': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SE' and SPEC_CD_2==' ': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SW' and SPEC_CD_2==' ': 
  return 'White Spruce Mixed' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2=='PL': 
  return 'White Spruce Dry' 
 elif SPEC_CD_1=='SX' and SPEC_CD_2=='PLI': 
  return 'White Spruce Dry' 
 elif (SPEC_CD_1== ' '): 
  return "No_Leading_Spp" 
 
Potential Natural Vegetation Community and Some Seral Stages 
Expression 
Calc(!Leading_SPP!,!ClassName!) 
Code Block 
def Calc(Leading_SPP, ClassName): 
 if (ClassName == "Aquatic Bed"): 
  return "Aquatic" 
 elif (ClassName == "Mudflats"): 
  return "Aquatic" 
 elif (ClassName == "Open Water"): 
  return "Aquatic" 
 elif (ClassName is None) and (Leading_SPP == "White Spruce Mixed"): 
  return "BWSMixedMid" 
 elif (ClassName is None) and (Leading_SPP == "White Spruce Dry"): 
  return "BWSDryMid" 
 elif (ClassName is None) and (Leading_SPP == "No_Leading_Spp"): 
  return "Other" 
 elif (ClassName is None) and (Leading_SPP == "Black Spruce"): 
  return "BBSbf" 
 elif (ClassName == "Open Water"): 
  return "Aquatic" 
 elif (ClassName == "Emergent Marsh"): 
  return "Marsh-Fen" 
 elif (ClassName == "Meadow Marsh"): 
  return "Marsh-Fen"  
 elif (ClassName == "Graminoid Rich Fen"): 
  return "Marsh-Fen" 
 elif (ClassName == "Treed Rich Fen"): 
  return "Rich Fen" 
 elif (Leading_SPP == "Tamarack"): 
  return "Rich Fen" 
 elif (ClassName == "Shrub Swamp"): 
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  return "Rich Fen" 
 elif (ClassName == "Shrubby Rich Fen"): 
  return "Rich Fen" 
 elif (ClassName == "Burn"): 
  return "Burn" 
 elif (ClassName == "Cutblock"): 
  return "Cutblock" 
 elif (ClassName == "Upland Deciduous"): 
  return "BWSMixedMid" 
 elif (ClassName == "Upland Mixedwood"): 
  return "BWSMixedMid" 
 elif (ClassName == "Mixedwood Swamp"): 
  return "BWSMixedMid" 
 elif (ClassName == "Hardwood Swamp"): 
  return "BWSMixedMid" 
 elif (ClassName == "Upland Pine"): 
  return "BWSDryMid"  
 elif (ClassName == "Anthropogenic"): 
  return "Anthropogenic" 
 elif (ClassName == "Agriculture"): 
  return "Other" 
 elif (Leading_SPP == "Lodgepole Pine"): 
  return "BWSDryMid" 
 elif (Leading_SPP == "Paper Birch"): 
  return "BWSMixedMid" 
 elif (Leading_SPP == "Cottonwood"): 
  return "BWSMixedMid" 
 elif (Leading_SPP == "Aspen"): 
  return "BWSMixedMid" 
 elif (Leading_SPP == "Balsam Fir"): 
  return "BWSMixedMid" 
 elif (Leading_SPP == "Spruce"): 
  return "BBSbf" 
 elif (Leading_SPP == "Black Spruce Tamarack"): 
  return "Rich Fen" 
elif (Leading_SPP == "White Spruce Mixed") and (ClassName == 
"Cloud"): 
  return "BWSMixedMid" 
 elif (Leading_SPP == "White Spruce Dry") and (ClassName == "Cloud 
Shadow"): 
  return "BWSDryMid" 
 elif (Leading_SPP == "White Spruce Mixed") and (ClassName == "Cloud  
 Shadow"): 
  return "BWSMixedMid" 
 elif (Leading_SPP == "White Spruce Dry") and (ClassName == "Cloud"): 
  return "BWSDryMid" 
 elif (Leading_SPP == "Black Spruce") and (ClassName == "Cloud  
 Shadow"): 
  return "BBSbf" 
 elif (Leading_SPP == "Black Spruce") and (ClassName == "Cloud"): 
  return "BBSbf" 
 elif (Leading_SPP == "No_Leading_Spp") and (ClassName ==    
 "Unclassified"): 
  return "Other" 
 elif (Leading_SPP == "No_Leading_Spp") and (ClassName == "Cloud"): 
  return "Other" 
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 elif (Leading_SPP == "No_Leading_Spp") and (ClassName == "Cloud   
 Shadow"): 
  return "Other" 
 elif (Leading_SPP == "Black Spruce") and (ClassName == "Upland   
 Conifer"): 
  return "BBSUpl" 
 elif (Leading_SPP == "White Spruce Dry") and (ClassName == "Upland  
 Conifer"): 
  return "BWSDryLate" 
 elif (Leading_SPP == "White Spruce Mixed") and (ClassName == "Upland  
 Conifer"): 
  return "BWSMixedLate" 
 elif (Leading_SPP == "Black Spruce") and (ClassName == "Upland   
 Other"): 
  return "BBSUpl" 
 elif (Leading_SPP == "White Spruce Mixed") and (ClassName == "Upland  
 Other"): 
  return "BWSMixedMid" 
 elif (Leading_SPP == "White Spruce Dry") and (ClassName == "Upland  
 Other"): 
  return "BWSDryMid" 
 elif (Leading_SPP == "White Spruce Mixed") and (ClassName == "Upland  
 Mixed Conifer"): 
  return "BWSMixedLate" 
 elif (Leading_SPP == "White Spruce Dry") and (ClassName == "Upland  
 Mixed Conifer"): 
  return "BWSDryLate" 
 elif (Leading_SPP == "Black Spruce") and (ClassName == "Upland Mixed  
 Conifer"): 
  return "BWSDryLate" 
elif (ClassName == "Treed Poor Fen") or (ClassName == "Open Bog") or 
 (ClassName == "Graminoid Poor Fen") or (ClassName == "Shrubby Poor 
Fen") or (ClassName == "Shrubby Bog") or (ClassName ==   "Treed 
Bog") or (ClassName == "Shrubby Poor Fen"): 
  return "BBSbf" 
elif (Leading_SPP == "White Spruce Mixed") and (ClassName == 
"Conifer Swamp"): 
  return "BWSMixedLate" 
 elif (Leading_SPP == "White Spruce Dry") and (ClassName == "Conifer  
 Swamp"): 
  return "BWSMixedLate" 
 elif (Leading_SPP == "Black Spruce") and (ClassName == "Conifer   
 Swamp"): 
  return "BBSbf" 
 elif (Leading_SPP == "No_Leading_Spp") and (ClassName == "Upland  
 Conifer"): 
  return "BBSUpl" 
 elif (Leading_SPP == "No_Leading_Spp") and (ClassName == "Conifer  
 Swamp"): 
  return "BBSbf"  
 elif (Leading_SPP == "No_Leading_Spp") and (ClassName == "Upland  
 Mixed Conifer"): 
  return "BBSUpl" 
 elif (Leading_SPP == "No_Leading_Spp") and (ClassName == "Upland   
 Other"): 
  return "BBSbf"  
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 elif (Leading_SPP == "No_Leading_Spp") and (ClassName == "Upland   
 Conifer"): 
  return "BBSUpl" 
 elif (Leading_SPP == "No_Leading_Spp") and (ClassName ==    
 "Mountain"): 
  return "Cutblock" 
 elif (Leading_SPP == "Black Spruce") and (ClassName == "Mountain"): 
  return "BBSUpl" 
 elif (Leading_SPP == "White Spruce Mixed") and (ClassName ==   
 "Mountain"): 
  return "BWSMixedMid" 
 elif (Leading_SPP == "White Spruce Dry") and (ClassName ==    
 "Mountain"): 
  return "BWSDryMid" 
 elif (Leading_SPP == "unclassified") and (ClassName == "Mountain"): 
  return "BWSDryMid" 
 elif (Leading_SPP == "Yew") and (ClassName == "Conifer Swamp"): 
  return "BWSMixedMid" 
 elif (Leading_SPP == "White Spruce") and (ClassName == "Conifer   
 Swamp"): 
  return "BWSMixedMid" 
 elif (Leading_SPP == "White Spruce Dry") and (ClassName == "Upland  
 Conifer"): 
  return "BWSDryMid" 
 
Potential Natural Vegetation Community and All Seral Stages 
Expression 
Calc (!PNV!,!PROJ_AGE_1!) 
 
Code Block 
def Calc(PNV,PROJ_AGE_1): 
 if (PNV == "BWSMixedEarly") and (PROJ_AGE_1 >= 0) and (PROJ_AGE_1 <=  
 29): 
  return "BWSMixedEarly" 
 elif (PNV == "BWSMixedEarly") and (PROJ_AGE_1 >= 30) and (PROJ_AGE_1   
<= 84): 
  return "BWSMixedMid" 
 elif (PNV == "BWSMixedEarly") and (PROJ_AGE_1 >= 85): 
  return "BWSMixedLate" 
 elif (PNV == "BWSMixedMid") and (PROJ_AGE_1 >= 0) and (PROJ_AGE_1 <=  
 29): 
  return "BWSMixedEarly" 
 elif (PNV == "BWSMixedMid") and (PROJ_AGE_1 >= 30) and (PROJ_AGE_1  <= 
84): 
  return "BWSMixedMid" 
 elif (PNV == "BWSMixedMid") and (PROJ_AGE_1 >= 85): 
  return "BWSMixedLate" 
 elif (PNV == "BWSMixedLate") and (PROJ_AGE_1 >= 0) and (PROJ_AGE_1  <= 
29): 
  return "BWSMixedEarly" 
 elif (PNV == "BWSMixedLate") and (PROJ_AGE_1 >= 30) and (PROJ_AGE_1  
 <= 84): 
  return "BWSMixedMid" 
 elif (PNV == "BWSMixedLate") and (PROJ_AGE_1 >= 85): 
  return "BWSMixedLate" 
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 elif (PNV == "BWSDryEarly") and (PROJ_AGE_1 >= 0) and (PROJ_AGE_1 <=  
 29): 
  return "BWSDryEarly" 
 elif (PNV == "BWSDryEarly") and (PROJ_AGE_1 >= 30) and (PROJ_AGE_1  <= 
84): 
  return "BWSDryMid" 
 elif (PNV == "BWSDryEarly") and (PROJ_AGE_1>= 85): 
  return "BWSDryLate" 
 elif (PNV == "BWSDryMid") and (PROJ_AGE_1 >= 0) and (PROJ_AGE_1 <=  
 29): 
  return "BWSDryEarly" 
 elif (PNV == "BWSDryMid") and (PROJ_AGE_1 >= 30) and (PROJ_AGE_1 <=  
 84): 
  return "BWSDryMid" 
 elif (PNV == "BWSDryMid") and (PROJ_AGE_1 >= 85): 
  return "BWSDryLate" 
 elif (PNV == "BWSDryLate") and (PROJ_AGE_1 >= 0) and (PROJ_AGE_1 <=  
 29): 
  return "BWSDryEarly" 
 elif (PNV == "BWSDryLate") and (PROJ_AGE_1 >= 30) and (PROJ_AGE_1 <=  
 84): 
  return "BWSDryMid" 
 elif (PNV == "BWSDryLate") and (PROJ_AGE_1 >= 85): 
  return "BWSDryLate" 
 elif (PNV == "BBSbf") and (PROJ_AGE_1 >= 0) and (PROJ_AGE_1 <= 36): 
  return "BBSbfEarly" 
 elif (PNV == "BBSbf") and (PROJ_AGE_1 >= 37) and (PROJ_AGE_1 <=   
 107): 
  return "BBSbfMid" 
 elif (PNV == "BBSbf") and (PROJ_AGE_1 >= 108): 
  return "BBSbfLate" 
 elif (PNV == "Rich Fen"): 
  return "Rich Fen" 
 elif (PNV == "BBSUpl"): 
  return "BBSUpl" 
 elif (PNV == "Marsh-Fen"): 
  return "Marsh-Fen" 
 elif (PNV == "Aquatic"): 
  return "Aquatic" 
 elif (PNV == "Other"): 
  return "Other" 
 elif (PNV == "Anthropogenic"): 
  return "Anthropogenic" 
 elif (PNV == "Burn"): 
  return "Burn" 
 elif (PNV == "Cutblock"): 
  return "Cutblock" 
 elif (PNV == "Rich Fen"): 
  return "Rich Fen"
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Appendix L: Example foodscape layers in the range of the Chinchaga caribou herd, 
northeastern British Columbia. 
 
 
Figure L.1.  Summer (15 Jun.–1 Oct.) home range (area = 665 km2) used by caribou SCEK040 in 
2013 by potential natural vegetation (PNV) communities used to derive foodscape layers in Figs. 
L.2–L.9. 
 
 
 
293 
 
 
 
Figure L.2.  Example foodscape used by animal SCEK040 in 2013 showing the quantity of digestible 
energy (DE) (in increments of 20 percentiles across the range of data) that could be obtained per 
minute, based on mean intake values by tame caribou in potential natural vegetation communities 
(Fig. L.1), within its home range during summer (15 Jun.–1 Oct.).  To meet daily requirements for 
intake at mean levels of diet quality and foraging times (chapter 3), lactating caribou require ~61.5 kJ 
● min-1 DE (at peak lactation) and for maintenance non-lactating caribou require ~42.5 kJ ● min-1 DE.  
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Figure L.3.  Example foodscape used by animal SCEK040 in 2013 showing the quantity of digestible 
energy (DE) (in increments of 20 percentiles across the range of data) that could be obtained per day, 
based on mean intake values by tame caribou in potential natural vegetation communities (Fig. L.1), 
within its home range during summer (15 Jun.–1 Oct.).  To meet daily intake requirements, lactating 
caribou require 50,534 kJ ● day-1 DE (at peak lactation) and for maintenance non-lactating caribou 
require 30,104 kJ ● day-1 DE.  
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Figure L.4.  Example foodscape used by animal SCEK040 in 2013 showing where daily digestible 
energy requirements of non-lactating caribou are supported, based on mean intake values by tame 
caribou in potential natural vegetation communities (Fig. L.1), within its home range during summer 
(15 Jun.–1 Oct.).  To meet daily intake requirements at mean levels of diet quality and foraging times 
(chapter 3), non-lactating caribou require 30,104 kJ ● day-1 DE. 
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Figure L.5.  Example foodscape used by animal SCEK040 in 2013 showing where daily digestible 
energy requirements of lactating caribou are supported, based on mean intake values by tame caribou 
in potential natural vegetation communities (Fig. L.1), within its home range during summer (15 
Jun.–1 Oct.).  To meet daily intake requirements, lactating caribou require 50,534 kJ ● day-1 DE (at 
peak lactation). 
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Figure L.6.  Example foodscape used by animal SCEK040 in 2013 showing the quantity of digestible 
protein (DP) (in increments of 20 percentiles across the range of data) that could be obtained per 
minute, based on mean intake values by tame caribou in potential natural vegetation communities 
(Fig. L.1), within its home range during summer (15 Jun.–1 Oct.).  To meet daily protein 
requirements at mean levels of diet quality and foraging times (chapter 3), lactating caribou require 
~0.33 g ● min-1 DP (at peak lactation) and for maintenance non-lactating caribou require  
~0.13 g ● min-1 DP. 
  
 
 
298 
 
 
 
Figure L.7.  Example foodscape used by animal SCEK040 in 2013 showing the quantity of digestible 
protein (DP) (in increments of 20 percentiles across the range of data) that could be obtained per day, 
based on mean intake values by tame caribou in potential natural vegetation communities (Fig. L.1), 
within its home range during summer (15 Jun.–1 Oct.).  To meet daily intake requirements, lactating 
caribou require 270 g ● day-1 DP (at peak lactation) and for maintenance non-lactating caribou require 
94 g ● day-1 DP. 
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Figure L.8.  Example foodscape used by animal SCEK040 in 2013 showing where daily digestible 
protein requirements of lactating caribou are supported, based on mean intake values by tame caribou 
in potential natural vegetation communities (Fig. L.1), within its home range during summer (15 
Jun.–1 Oct.).  To meet daily intake requirements, non-lactating caribou require 94 g ● day-1 DP. 
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Figure L.9.  Example foodscape used by animal SCEK040 in 2013 showing where daily digestible 
protein requirements of lactating caribou are supported, based on mean intake values by tame caribou 
in potential natural vegetation communities (Fig. L.1), within its home range during summer (15 
Jun.–1 Oct.).  To meet daily intake requirements, lactating caribou require 270 g ● day-1 DP (at peak 
lactation). 
 
 
